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PREFACE 


The first edition of this book, published in 1988, described systematic proce- 
dures for developing an HPLC method, based on the best information avail- 
able at that time. HPLC method development involves several essential steps: 
sample pretreatment, detection of sample bands, choosing separation condi- 
tions, quantitation, and method validation. Our earlier edition emphasized 
choosing separation conditions with little attention to other important areas. 
The goals of the present book are to present up-to-date insights on choosing 


separation conditions and to provide a more complete treatment of all aspects 
of HPLC method development. Chapter 3 addresses detection, Chapter 4 sam- 
ple pretreatment, Chapter 14 quantitation, and Chapter 15 method validation. 


To quote from the first edition, our recommendation was “‘to minimize the 
use of information on sample structure and carry out method development 
for most samples in the same general way.” Favored conditions for an initial 


separation were suggested, and the use of this initial run as a basis for the 
next experiment was described. These two runs were then used to select 


conditions for the next experiment, and the process was continued until an 


acceptable separation was achieved. This systematic iterative procedure can 
be described as “enlightened trial and error.” At that time we felt that most 
samples encountered in typical laboratories could be handled in this fashion. 
Nevertheless, a number of important exceptions to this approach were indi- 


cated, especially samples of biological origin, mixtures of enantiomers, and 
preparative separations. Since 1988 the relative importance of these exceptions 
has increased greatly. In this second edition we give these specialized applica- 


tions of HPLC much more attention (Chapters 11 to 13). 
Finally, the science of HPLC separation and means for the development 
of HPLC methods have continued to receive study by numerous groups around 
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a PREFACE 


the-world—Since—4988-aHtarge-bodyof-new-and—vałuable-information-has 
become available. This has led to important insights and improvements relating 
to HPLC columns and method development that are not covered in the first 


each of these limitations of the first 
edition. All aspects of the subject are now covered, and the information 
provided has been supplemented with the literature that has appeared since 
1987. Chapters 5 to 10 provide a reasonably complete account of how HPLC 
separation depends on the choice of column and other separation conditions. 

Unfortunately, one result of these various enhancements to the first edition 
is a book that is now more than twice as long. Because the various parts of 
the present book are strongly interrelated, it is useful at this point to provide 
an overview of our subject matter and to point out how different chromatogra- 
phers can use this book most effectively. Chapter 1 provides an introduction 


to how method development is carried out for any sample, and this should 
be read before proceeding further. Chapter 2 offers a review of the basics of 
HPLC separation, plus important background information that the chromatog- 


rapher should know before beginning method development. Less experienced 
chromatographers will benefit by first studying Chapter 2, plus a selective 
reading of Sections 3.1 and 3.2 on UV detection, before reading further. 


Following a review by the reader of Chapters 1 to 3, the next step depends 
on the nature of the sample: (a) biological samples (peptides, proteins, oligonu- 
cleotides, etc.), (b) enantiomeric samples, (c) samples requiring pretreatment, 
or (d) other samples. For samples that cannot be injected directly into the 
HPLC system, Chapter 4 provides a comprehensive review of the aims and 
means of various pretreatment procedures. Readers with an interest in biologi- 
cal samples will find Chapters 8 (gradient elution) and 11 (biological samples) 


most useful at this point. Workers attempting to separate enantiomeric mix- 
tures (chiral compounds) will want to read Chapter 12. 
The majority of chromatographers, whose samples are neither biological 


samples nor enantiomeric mixtures, will benefit by first reading Chapter 9, 
which deals with a systematic approach for the separation of most samples 
by reversed-phase HPLC. The recommendations of Chapter 9 have been 


changed in important ways since the appearance of the first edition. We believe 
that these latest method-development recommendations will prove even more 


Chapter 5 gives an overview of HPLC columns, including their design, 
specifications, column care, and troubleshooting. If any problems are encoun- 
tered during method development as described in Chapter 9, or if that ap- 
proach does not result in an acceptable separation, Chapters 6 to 8 (non-ionic 


and ionic samples, gradient elution) provide a thorough discussion of how the 
separation of typical samples can be achieved by varying additional separation 
are useful 


when the separation of the sample proves more challenging, either because 
of sample complexity or the chemical similarity of sample components. When 


the-recovery_of purified compounds by HPLC is required, separations devel- 


PREFACE xxi 


oped on an analytical scale can be scaled up using information contained in 
Chapter 13 (preparative HPLC). However, Chapter 13 is best read after 
examining Chapters 6 to 9. 


Chapter_10 deals with the use_of computer programs-that-can facilitate 


HPLC method development. For the most part, these commercially available 
programs use a small number of starting experiments as a basis for computer 
predictions of separation as a function of separation conditions. In this way, 
the user can carry out the majority of method development experiments with 
the computer instead of much more slowly and with greater effort in the 
laboratory. Although the use of computers in this way began in the late 1970s, 
users have been slow to adopt this approach to method development. However, 
the popularity of these programs has been on a sharp increase since 1990, 
and today they are widely accepted as an important tool for HPLC method de- 


velopment. 


We have made further use of computer simulation for some examples 
presented in this book. In several cases, data from the literature or from our 


individual laboratories could be used to show experiments where one or more 
variables were changed. Because of the documented reliability of computer 
simulation, these examples are equivalent to real experiments. 


After conditions have been adjusted for an acceptable separation, addi- 
tional steps are required for use of the method in quantitative analysis (Chapter 
14). Finally, the resulting method must be evaluated to show that it consistently 
provides accurate and precise results and can be transferred to other labora- 
tories and personnel. Chapter 15 on method validation, concludes the second 
edition, except for some useful appendices referred to in the text. 

The size of the present book presents a challenge to the reader in terms 


of locating material that is relevant to a particular sample or problem. Often, 
it will be necessary to look in different places for the total answer to a particular 
question._As_an_aid_in this information_search, we have provided extensive 


cross-referencing to other parts of the book. This can have the undesirable 
effect of breaking up the continuity of the text when the book is being read 


for general background and information. For this reason we suggest that the 


reader ignore cross-references unless the topic being discussed is of spe- 
cial interest. We have also taken special care to provide a comprehensive 


index, which should be an effective tool in the use of this book. Again, cross- 
referencing is used as much as possible for convenience to the reader. 

It is our belief that research dealing with HPLC method development is 
now beginning to level off. The technique of HPLC is over 30 years old and 


is in a mature stage of development and application. Many of the pioneers 
in this field have moved on to other areas, such as capillary electrophoresis, 
supercritical fluid chromatography, and field-flow fractionation. For this reason 


we believe that the present book should remain useful and reasonably up-to- 
date for the next decade or two. As in the first edition, all the contributors 
to this edition are active practitioners of HPLC method development. Much 
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of the advice or recommendations offered in this book is the result of our 
personal observations in the laboratory. 
Finally, we would like to acknowledge the support of our families and 


thank numerous friends and associates for their invaluable contribution to 
this book. First, we must acknowledge the contributions of those contributing 
to certain chapters: Ira Krull and Mike Szulc (Chapter 3), Ron Majors and 
Greg Slack (Chapter 4), Barry Boyes and Andy Alpert (Chapter 11), and 
John Kern and Karin Kirkland (Chapter 12). Second, the painstaking review 
of individual chapters was carried out by a large group of chromatographers, 
some of whom have read most of the book: John Dolan, Sal Fusari, Tom 
Jupille, and Derek Southern. Others have provided important inputs to one 
or more individual chapters: Andy Alpert, Brian Bidlingmeyer, Pete Carr, 
Tom Catalano, Bill Cooper, Geoff Cox, Andrew Deputy, Joe DeStefano, John 


Dorsey, Roger W. Giese, J. Mark Green, Dick Henry, Jeff Hurst, Pavel 
Jandera, John P. Larmann, Jr., Gordon Marr, Donald Parriott, Dennis Saun- 
ders, Peter Schoenmakers, Marilyn Stadalius, Gyula Vigh, Tom Waeghe, 


Chuck Whitney and Reed C. Williams. This book owes much to our reviewers, 
and for this dedicated (but inadequately reimbursed) effort the authors are 
deeply appreciative. 
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GLOSSARY OF SYMBOLS 
AND TERMS 


The units assumed in this book for all symbols are given below, unless the 
quantity is dimensionless. Where a defining equation appears in the book, 
the equation number is given in parentheses after the definition below. 


Common Terms 


A absorbance (Eqs. 3.1, 3.2); also area; also weak solvent 
or gradient from A > B 

ACN acetonitrile 

B (%B) refers to the strong solvent in a binary-solvent mobile 
phase (% v/v) 

B, BH* a basic solute (Chapter 7) 

Cs, Cig chain length (octyl or octadecyl) of alkyl bonded phase 

CD cyclodextrin 

CV coefficient of variation (usually in %); Eq. 15.3 

d, column internal diameter (cm) 

dp particle diameter (um) 

DAD diode-array detector 

EC electrochemical (detector) 

F flow rate (mL/min) 

FL fluorescence (detector) 

G, gradient steepness parameter (Eq. 8.2a); k* = 20/G, 

h' peak height 


HP Hewlett-Packard 
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HPLC high-performance liquid chromatography 

ID internal diameter, d, 

IEC ion-exchange chromatography 

IPC ion-pair chromatography 

k retention factor (Eq. 2.4) 

k* effective or average value of k in gradient elution (Eq. 
8.1) 

ka k, values of k for first (a) and last (z) bands in the 
chromatogram 

L column length (cm) 

LC-MS liquid chromatography—mass spectrometry 

M molecular weight 

MC methylene chloride 

MeOH methanol 

MS mass spectrometric 

MTBE methyl-t-butyl ether 

N column plate number (Eqs. 2.8—2.8b) 

N' noise (Eq. 3.3, Fig. 3.3) 

NARP non-aqueous reversed-phase HPLC 

NPC normal-phase chromatography 

P column pressure drop (usually psi) (Eq. 2.9) 

pK, acidity constant for an acid or protonated base 

PAH polyaromatic hydrocarbon 

R, resolution (Eq. 2.1) 

RI refractive index 

RPC reversed-phase chromatography 

S signal; Eq. 3.3; Fig. 3.3; also, parameter defined by Eq. 
6.1 

tp delay or dwell time (min in gradient elution); equal to 
Vp F 

tg gradient time (min) 

tr retention time (min) (Fig. 2.2); equal to to(1_+ k) 

tra trz retention times tg for first (a) and last (z) bands in a 
chromatrogram (min) (Fig. 8.6a) 

to column-deadtime (min) (Eq-2.5) 

h, bh retention times for adjacent bands 1 and 2 (min) 

TEA triethylamine 

TFA trifluoroacetic acid 

THF tetrahydrofuran 

UV ultraviolet 

Vp delay or dwell volume (mL); volume between gradient 

Vm column dead volume (mL) (Eq. 2.6), Vm is the volume 


of mobile phase inside the column, not including any 
solvent-attached to the stationary-phase 
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V max (mL) (Eq. 13.1) 
V; sample volume (mL) 

w sample weight (mg); also, bandwidth at half-height (min) 
Wmax i i inj (mg) that-does-not 
overload the column (Eq. 2.17) 

Ws saturation capacity of the column (mg) (Eq. 13.4) 

W baseline bandwidth (min) (Fig. 2.2) 

Win contribution to baseline bandwidth as a result of a large 
sample weight (min) (Eq. 13.2) 

Wo baseline bandwidth for a small sample (min) (Eq. 13.2) 

W,, Wz baseline bandwidths for adjacent bands (min) 

Win bandwidth at half-height (min) (Fig. I.1) 

a separation factor, equal to k2/k,, where k, and k, refer 
to-k values for adjacent bands t and 2 

Ate trz — tra (min) 

A% B change in % B during gradient elution 

E molar absorptivity 

e? strength of a solvent or solvent mixture for normal-phase 
HPLC 

n viscosity (cP) 


Less Common Items 


A, B, C constants in Eq. 2.11; the values of A, B, and C vary with 
the value of k but should be approximately constant 
for other changes in conditions or for other solutes 

A’, B’, C’ constants in Eq. 2.10; values of A’, B’, and C’ vary with 
conditions and with the sample 

A", B", C" constants in Eq. 2.10a; values of A”, B”, and C” vary with 
conditions and with the sample 

C band concentration at maximum (mol/L) (Eq. 3.2) 

Co analyte concentration in injected sample (mol/L) 

CI chemical ionization (MS) 

DCA direct current amperometry 

DMA N,N-di -1- j 

EI electron ionization (MS) 

ELS evaporative light scattering 

ESI electrospray ionization (MS) 

EtOAc ethyl acetate 

FAB fast-atom bombardment (MS) 

FD field desorption (MS) 

h reduced plate height, equal to H/d, (Eq. 2.11) 

HB hydroxybenzoic acid (Figs. 7.8, 7.17, and 7.19) 

HFBA heptafluorobutyric acid 

IPA isopropanol 
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ko value-of-kfor-water-as-mobile-phase-(Eq.6.1) 

LCEC liquid chromatographic electrochemical (detection) 

LD laser desorption (MS) 

LSIMS gee : 

MALDI matrix-assisted laser desorption ionization (MS) 

MP methyl paraben (Figs. 7.8, 7.17, and 7.19) 

[P ]m concentration of ion-pair reagent P> in mobile phase 
(mmol/L) 

PAD pulsed amperometric detection 

PBP polar bonded phase 

PD plasma desorption (MS) 

PP propyl paraben (Figs. 7.8, 7.17, and 7.19) 

PTH phenylthiohydantoin 

RSR- i in anion and cation ion- 
exchange columns, respectively (Eqs. 7.4 and 7.5) [e.g., 
—N(CH3)3* and —SO; ] 

RF response factor 

TBA* tetrabutylammonium ion 

tBME see MTBE 

TMS trimethylsilyl; also C; 

TNB 1,3,5-trinitrobenzene 

TOFMS time-of-flight mass spectrometry 

TSP thermospray (MS) 

u velocity of mobile phase through the column (cm/s); equal 
to Lito 

V baseline bandwidth (mL) 

Ve contribution to V from band broadening within the 
column; also, the baseline width (mL) of a peak for a 
small sample (Eq. 2.16) 

Ve retention volume (mL) (Eq. 2.14); also equal to tp F 

WwW bandwidth (min) (Eq. 2.12) 

Wa Wa Wio contributions to W from the column, sampling, connecting 

We tubing and flow cell, respectively (min) (Eq. 2.12) 

X, X1, X2, X3 solutes of unspecified structure (Figs. 7.8, 7.17, and 7.19) 

v reduced velocity, equal to ud,/D,, (Eq. 2.11) 

T one standard deviation of a Gaussian curve; equal to 
1/4 of baseline bandwidth 

T detector time constant (s) 

Ø volume fraction of B-solvent in the mobile phase; equal 


to 0.01% B 


GETTING STARTED 


1.1 Introduction 
1.2 What is Known Before Starting 


1.2.1 Nature of the Sample 
1.2.2 Separation Goals 


1.3 Sample Pretreatment and Detection 


1.4 Developing the Separation 
1.4.1 Selecting an HPLC Method and Initial Conditions 
1.4.2 Getting Started on Method Development 


1.4.3 Improving the Separation 
1.4.4 Repeatable Separation 
1.5 Completing the HPLC Method 
1.5.1 Quantitation and Method Validation 
1.5.2 Checking for Problems 
1.5.3 Method Ruggedness 


1.1 INTRODUCTION 


Every day many chromatographers face the need to develop a high-performance 
liquid chromatography (HPLC) separation. Whereas individual approaches 
may exhibit considerable diversity, method development often follows the 


series of steps summarized in Fig. 1.1. In this chapter we review the importance 
of each of these steps, in preparation for a more detailed examination in 
following chapters. 

Our philosophy of method development is based on several considerations. 


There exists today a good practical understanding of chromatographic separa- 
tion and how it varies with the sample and with experimental conditions. Any 
systematic approach to HPLC method development should be based on this 


knowledge of the chromatographic process. In most cases, a desired separation 
can be achieved easily with only a few experiments. In other cases, a consider- 
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I. Information on sample, 
define separation goals 


2. Need for special HPLC 
procedure, sample 
pretreatment, etc.? 


3. Choose detector and 
detector settings 


4. Choose LC method; 
preliminary run; estimate 


best separation conditions 


6. Check for problems or 
requirement for special 
procedure 


7a. recover purified quantitative 7c. qualitative 


material calibration method 


8. Validate method for release 
to routine laboratory 


FIGURE Li Steps in HPEC method development: 


strategy should require only as many experimental runs as are necessary to 
achieve the desired final result. 


Ideally, every experiment will contribute to the end result so that there 
are no wasted runs. Usually, this requires that the results of each chromato- 


graphic run be assessed before proceeding with the next experiment. Some- 
times the chemical structures of the sample components are known, other 
times this is not the case. The method-development scheme described in this 


book will usually work in either situation. Finally, method development should 
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be as simple as possible, yet it should allow the use of sophisticated tools such 


as computer modeling (Chapter 10) if these are available. 


1.2 WHAT IS KNOWN BEFORE STARTING 


1.2.1 Nature of the Sample 


Before beginning method development, we need to review what is known 
about the sample. The goals of the separation should also be defined at 
this point. The kinds of sample-related information that can be important 
are summarized in Table 1.1. Ideally, a complete description of the sample 
is available; for example, an antihistamine tablet contains the active ingredi- 
ent_and various water-soluble excipients. The goal of HPLC separation in 


this case might be an assay of antihistamine content, so the primary interest 
is in the properties of the antihistamine that will affect its HPLC separation. 


Another situation might require analyzing a_raw_material_for_its_major 


component and any contaminants. An example is provided by Fig. 1.2, 
which shows possible components of crude samples of the pharmaceutical 


product-pafenolol(compound—6)}—In-this-case—the—chemieal-structures—of 


possible contaminants can be inferred from the synthetic route used to 
prepare pafenolol, together with known side reactions leading to by-products. 
A total of six compounds can be expected in pafenolol (compound 3 can 
be ruled out because of its instability). 

The chemical composition of the sample can provide valuable clues for the 
best choice of initial conditions for an HPLC Pan perenne on ne 


HPLC method development are possible: Some oma try to 
match the “chemistry” of the sample to a best choice of initial HPLC condi- 


tions. To do this, they rely heavily on their own past experience (i.e., separation 
of compounds of similar structure) and/or they supplement this information 
with data from the literature. Other workers Proceed directly to an initial 


to the nature of the sample. 
These two kinds of HPLC method development might be characterized as 


TABLE 1.1 Important Information Concerning Sample 
Composition and Properties 


Number of compounds present 


Chemical 
Molecular weights of compounds 
pKa values of compounds 


UV spectra of compounds 
Concentration range of compounds in samples of interest 
Sample solubility 


(o) OH 
eb OH OCH, CHCH, OCH,CHCH,CH 
ð- —-O—-G—6 
CH,CH2NH; R; R; R; 


Ri R, CH,CHNH, 
5 6 7 


FIGURE 1.2 Compounds present in crude samples of pafenolol. (Reprinted with permission from Ref. 1.) 
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theoretical vs. empirical. Once an initial separation has been carried out, the 


choice of ensuing experiments can be made on the basis of similar considera- 
tions (theoretical vs. empirical). 
Either a theoretical or an empirical approach to HPLC method develop- 


ment can be successful, and a “best” strategy is often some blend of these 
two procedures. In this book we emphasize empirical procedures in combina- 
tion with techniques for minimizing the number of required experimental 
runs. However, theoretical considerations and the chemical composition of 
the sample are not ignored. It should also be kept in mind that the composition 
of many samples is not fully known at the beginning of HPLC method develop- 
ment (e.g., samples containing impurities, degradation products, metabolites, 
etc.). In these cases an empirical approach may be the only option. 


1.2.2 Separation Goals 
The goals of HPLC separation need to be specified clearly. Some related 


questions that should be asked at the beginning of method development in- 


clude: 


- Is the primary goal quantitative analysis, the detection of an (undesired) 
substance, the characterization of unknown sample components, or the 
isolation of purified material? The use of HPLC to isolate purified sample 
components for spectral identification or other purposes is discussed in 
Chapter 13. 

- Is it necessary to resolve all sample components? For example, it may be 
necessary to separate all degradants or impurities from a product for 


reliable content assay, but it may not be necessary to separate these 
degradants or impurities from each other. When the complete separation 
of asample by means of a single HPLC run proves difficult, the separation 


of a smaller subset of sample components is usually much easier. 
-~ If quantitative analysis is requested, what levels of accuracy and precision 


are required? A precision of +1 to 2% for major components of a sample 


is usually achievable, especially if sample pretreatment is not required. 
Means for improving assay precision are discussed in Chapter 14. 


For how many different sample matrices should the method be designed? 
A particular compound may be present in different sample types (e.g., a 
raw material, one or more formulations, an environmental sample, etc.). 
Will more than one HPLC procedure be necessary? Is a single (or similar) 


procedure forall samples desirable? 


- How many samples will be analyzed at one time? When a large number 
of samples must be processed at the same time, run time becomes more 


important. Sometimes it is desirable to trade a decrease in sample resolu- 
tion for a shorter run time [e.g., by shortening the column or increasing 
flow rate (Section 2.3.3.1)]. When the number of samples for analysis at 
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one time is greater than 10, a run time of less than 20 min often will 


be important. 
* What HPLC equipment and operator skills are present in the laboratory 


that will use the final method? Can the column be thermostated, and is 
an HPLC system for gradient elution available? Will the method be run 
on equipment of different design and manufacture [especially older mod- 
els with increased extracolumn band broadening (Section 2.3.3.3)]? What 
HPLC experience and academic training do the operators have? 


Agreement on what is required of the method should be obtained before 
method development begins. 


1.3 SAMPLE PRETREATMENT AND DETECTION 


Samples come in various forms: 


- Solutions ready for injection 
- Solutions that require dilution, buffering, addition of an internal standard 


or other volumetric manipulation 
- Solids that must first be dissolved or extracted 


- Samples that require sample pretreatment to remove interferences and/ 
or protect the column or equipment from damage 


Direct injection of the sample is preferred for its convenience and greater 


precision. However, most-samples for HPLC analysis require weighing and/ 
or volumetric dilution before injection. Best results are often obtained when 
the composition of the sample solvent is close to that of the mobile phase, 


since this minimizes baseline upset and other problems. 
Some samples require a partial separation (pretreatment) prior to HPLC, 
because of a need to remove interferences, concentrate sample analytes, or 


eliminate “column killers.” This means that it is important to know the nature 
of the sample matrix and the probable concentrations of various analytes. In 
many cases the development of an adequate sample pretreatment procedure 


can be more challenging than achieving a good HPLC separation. Sample 
pretreatment is discussed in Chapter 4. 

Before the first sample is injected during HPLC method development, 
we must be reasonably sure that the detector selected will sense all sample 


components of interest. Variable-wavelength ultraviolet (UV) detectors nor- 
mally are the first choice, because of their convenience and applicability for 
most samples. For this reason, information on the UV spectra can be an 


important aid for method development. UV spectra can be found in the 
literature, estimated from the chemical structures of sample components of 
interest, measured directly (if the pure compounds are available), or obtained 
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during HPLC separation by means of a photodiode-array (PDA) detector. 


When the UV response of the sample is inadequate, other detectors are 
available (fluorescence, electrochemical, etc.), or the sample can be derivatized 


aspects in detail. 


1.4 DEVELOPING THE SEPARATION 


1.4.1 Selecting an HPLC Method and Initial Conditions 


Figure 1.3 outlines the strategy recommended for choosing the experimental 
conditions for the first S paration, Based ona pnowicdee of sua A Ra 
tion_and the goals of sepa : 


method is most promising for this arealer sample? In this book we assume 
that HEE has pern chosen, byt this a aon sneule not be mane before 


dures, see Refs. 2 to 8. 
If HPLC is chosen for the separation, the next step (Fig. 1.3) is to classify 


the sample as regular or special. We define regular samples as typical mixtures 
of small molecules (<2000 Da) that can be separated using more-or-less 
standardized starting conditions. Exceptions or special samples are usually 
better separated with a different column and customized conditions, as summa- 
rized in Table 1.2. The separation of inorganic ions and synthetic polymers 
is not discussed in this book; for these topics see Refs. 8 and 9, respectively. 
Regular samples can be further classified as neutral or ionic. Samples classi- 


fied-as _ionic-include—acids, bases, amphoteric- compounds, and organic salts 
(ionized strong acids or bases). Table 1.3 summarizes the appropriate experi- 
mental conditions for the initial (reversed-phase) separation of regular sam- 


ples. If the sample is neutral, buffers or additives are generally not required 
in the mobile phase. Acids or bases usually require the addition of a buffer 
to the mobile phase. For basic or cationic samples, “less acidic” reversed- 


phase columns (Section 5.2) are recommended, and amine additives for the 
mobile phase may be beneficial. Using these conditions, the first exploratory 
run is carried out and then improved systematically as discussed below. 


On the basis of the initial exploratory run of Fig. 1.3, isocratic or gradient 
elution can be selected as most suitable (Section 8.2.2). At this point it may 
also be apparent that typical reversed-phase conditions provide insufficient 
sample retention, suggesting the use of either ion-pair (Section 7.4) or normal- 


phase (Part II of Chapter 6) HPLC. Alternatively, the sample may be strongly 
retained with 100% acetonitrile as mobile phase, suggesting the use of non- 
aqueous reversed-phase (NARP) chromatography or normal-phase HPLC 


(Sections 6.6 to 6.8). Some characteristics of reversed-phase and other HPLC 
methods are summarized in Table 1.4 and are discussed further in Chapters 
6, 7, and 11. 
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Nature of sample? 


Regular Special 


z 


Neutral Ionic 


exploratory run 
reversed-phase 


carbohydrates 


nucleotides 


syntnetic polymers 


FIGURE 1.3 Using information about the sample to select conditions for the initial 
experimental separation. 


When the goal of separation is-the-isolation-of purified-material,an-opti- 
mized final HPLC method will differ from one developed for routine quantita- 
tive analysis. However, the beginning of method development proceeds in 


exactly the same way for both cases [e.g., use of a standard-diameter (0.4 to 
0.5-cm-ID) column and the other conditions of Table 1.3]. This approach is 
discussed in detail in Chapter 13. 
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TABLE 1.2 Handling of Special Samples 


Sample Requirements 

Inorganic ions Detection is primary problem; use ion chromatograpy [9]. 

Isomers i -phase HPLC and 
are then classified as regular samples; better separations of 
isomers are obtainable using either (1) normal-phase HPLC 
or (2) reversed-phase separations with cyclodextrin-silica 
columns (Chapter 6). 

Enantiomers These compounds require ‘‘chiral” conditions for their 
separation; see Chapter 12. 

Biological Several factors make samples of this kind ‘“‘special’’: molecular 


conformation, polar functionality, and a wide range of 
hydophobicity; see Chapter 11. 


Macromolecules “Big” molecules require column packings with large pores 


(>>10-nm diameters); in addition, biological molecules 
(Chapter 11) require special conditions as noted above. 


TABLE 1.3 Preferred Experimental Conditions for the Initial HPLC Separation 


Separation Variable 


Preferred Initial Choice 


Column 
Dimensions (length, ID) 15 x 0.46 cm 
Particle-size Spm? 
Stationary phase Cs or Cig 


Mobile phase 
Solvents-A and B 


% B 80-100% 

Buffer (compound, pH, concentration) 25 mM potassium phosphate, 
2.0 < pH <3.0° 

Additives (e.g., amine modifiers, ion- Do not use initially? 


pair reagents) 


Flow rate 1.5-2.0 mL/min 
Temperature 35-—45°C 
Sample Size 
Volume* < 25 pL 
Weight! < 100 ug 


* 3.5-um particles are an alternative (Chapter 5), using a 7.5-cm column. 
? For an initial isocratic run; an initial gradient run is preferred (Section 8.2.2). 
€ No buffer required for neutral samples, for pH < 2.5, pH-stable columns are recommended 


(Section 5-4.3-5)- 
4 Section 9.1.1.3. 


* Smaller values required for smaller-volume columns (e.g., 7.5 x 0.46-cm, 3.5-um column). 
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TABLE 1.4 Characteristics of Primary HPLC Methods 
Method/Description/Columns? When Is the Method Preferred? 
Reversed-phase HPLC 


Uses water-organic mobile phase First choice for most samples, especially 


Columns: Cis (ODS), Cg, phenyl, neutral or nonionized compounds that 
trimethylsilyl (TMS), cyano dissolve in water—organic mixtures 
Ion-pair HPLC 
Uses water—organic mobile Acceptable choice for ionic or ionizable 
phase, a buffer to control pH, compounds, especially bases or cations 


and an ion-pair reagent 
Columns: Cis, Cg, cyano 
Normal-phase HPLC 


Uses mixtures of organic Good second choice when reversed-phase or 
solvents as mobile phase ion-pair HPLC is ineffective; first choice 
Columns: cyano, diol, amino, for lipophilic samples that do not dissolve 

silica well in water—organic mixtures; first 


choice for mixtures of isomers and for 


preparative-scale HPLC (silica best) 


“ All columns (except unbonded silica) recommended here are packed with bonded-phase silica 
particles (see Chapter 5). This list is representative but not exhaustive. 


1.4.2 Getting Started on Method Development 


Here and elsewhere we assume that the sample is regular (not special, as in 
Table 1.2), unless noted otherwise. Although the initial and final conditions 
ila for special cag will differ from those nee in Tabie 1.3 for 


is similar for both regular and special samples. Our discussion of the separation 
of regular samples will therefore prove applicable in many respects to method 


With the initial conditions of Table 1.3, the only remaining decision before 
the first sample injection is the percent organic in the mobile phase (% B). 


One approach is to use an isocratic mobile phase of some average solvent 
strength (e.g., 50% B). This is illustrated for the separation of a mixture of 
triazine herbicides in Fig. 1.4a (the separations of Fig. 1.4 are computer simula- 


tions based on experimental HPLC data [11,12]). Three well-separated peaks 
are shown in Fig. 1.4a. However, this sample contains a total of six components; 
with this mobile phase, the last three bands elute at 2 to 4 hr as broad, barely 
visible peaks. So, it would be easy to conclude (erroneously) from this run 


that there are only three components in this sample or that some of these six 


compounds coelute in Fig. 1.4a. 
Because of the problem illustrated by Fig. 1.4a, it is usually not recom- 


mended to begin method development with an intermediate-strength mobile 
phase (as in Fig. 1.4a). A better alternative is to use a very strong mobile 
phase first (e.g., 80 to 100% B), then reduce % B as necessary. This approach 
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FIGURE 1.4 Separation of a mixture of triazine herbicides as a function of mobile- 


phase conditions. Conditions: 25 X 0.46-cm Cg column; methanol—water mobile phase; 


ambient temperature; 1.7 mL/min. a ave B; 3; (6) 100% B; oe 80% B; (4) 60% B; 2 


11 aid 12, based on the eemeli data of Ref. 10. ) 
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is illustrated in Fig. 1.4b—d. The initial separation with 100% B (Fig. 1.45) 


results in rapid elution of the entire sample, but only two band groups are 
separated. Decreasing solvent strength to 80% B (Fig. 1.4c) shows the rapid 
separation of all six bands. A further decrease to 60% B (Fig. 1.4d) provides 


improved resolution but a much longer run time, with a broadening of later 
bands and reduced detection sensitivity. 

An alternative to initial isocratic separation is the use of gradient elution, 
as in the separation of Fig. 1.4e. There are several advantages to an initial 
gradient run, as discussed in Section 8.2.2. For example, it is possible from 
such a run to (1) determine whether isocratic or gradient elution is the best 
approach, and (2) estimate the best solvent strength for the next trial (isocratic) 
separation. An initial gradient separation is also advantageous for method 
development since it provides generally better resolution of the sample than 
will be obtained by isocratic separation with a strong solvent (cf. Fig. 1.45 vs. 


Fig. 1.4e). 


1.4.3 Improving the Separation 


The separation achieved in the first one or two runs usually will be less than 


adequate. After a few additional tries, it may be tempting to accept a marginal 
separation, especially if no further improvement is observed. However, experi- 
enced workers realize that a good separation requires more than minimal 
resolution of the individual sample bands, particularly for a routine procedure 
used to analyze a number of samples. Specifically, the experienced chromatog- 
rapher will consider several aspects of the separation, as summarized in Ta- 
ble 1.5. 


tive HPLC analysis. Usually, for samples containing five or fewer components, 
baseline resolution (R, > 1.5) can be obtained easily for the bands of interest. 


This level of resolution favors maximum precision in reported results. Resolu- 


TABLE 1.5 Separation Goals in HPLC Method Development 


Goal? Comment 

Resolution Precise and rugged quantitative analysis requires that R, be 
greater than 1.5. 

Separation time <5-10 min is desirable for routine procedures. 

Quantitation =2% (1 SD) for assays; =5% for less-demanding analyses; 
15% for trace analyses. 

Pressure <150 bar is desirable, <200 bar is usually essential (new 
column assumed). 

Peak height Narrow peaks are desirable for large signal/noise ratios. 


Solvent consumption Minimum mobile-phase use per run is desirable. 


“ Roughly in order of decreasing importance but may vary with analysis requirements. 
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tion usually degrades during the life of the column and can vary from day to 


day with minor fluctuations in separation conditions. Therefore, values of 
R, = 2 or greater should be the goal during method development for simple 
mixtures. Such resolution will favor both improved assay precision and greater 


method ruggedness. Samples containing 10 or more components will be more 
difficult to separate, and here the separation goal often must be relaxed to 
R, > 1.0 to 1.5. 

Some HPLC assays do not require baseline separation of the compounds 
of interest. This is most often the case when any of several compounds might 
be present, but only one compound is likely to be expected in a given sample. 
This might be the case when screening a water or soil sample for the possible 
presence of some contaminant (e.g., qualitative analysis for different herbi- 
cides). In such cases only enough separation of individual herbicides is required 
to provide characteristic retention times for peak identification. Another exam- 


ple is provided by phenylthiohydantoin (PTH)-amino acid samples obtained 
during the sequencing of a protein. Each sample corresponds to the removal 


of a single amino acid from the protein molecule, and it is required to identify 


that amino acid (as the PTH derivative). Therefore, it is not necessary to 
achieve baseline separation of individual PTH—amino acids from each other, 


since_all that is required is enough difference in retention times to identify 
the particular compound. This is illustrated in the separation of Fig. 1.5a for 
such an assay procedure. Several band pairs in this chromatogram are not 
baseline resolved, but this does not interfere with the accurate identification 
of each PTH-amino acid. 

The time required for a separation (run time ~ retention time for last 
band) should a as short as p e This assumes that the ormer goals of 


is reasonable. The run-time goal should be opad with the 2-h setup time 
typically requires for an HELS procedure S mobile panase prepared, column 


jected to confit precision: reproducible retention: “and ace piable SDa 
tion). Thus if only two or three samples are to be assayed at one time, a run 


time of 20-30 min is not excessive. When lots of 10 or more samples are to 


ee eG 
FIGURE 1.5 Improving method ruggedness by mapping separation as a function of 
various conditions. Sample: PTH amino acids. Conditions: 25 x 0.46-cm Zorbax PTH 
column; mobile phase is 34% B, where A is 6 mM phosphate buffer, pH 3.15, and B 
is 53% acetonitrile-THF; 35°C; 1.4 mL/min. Identification of bands (W, L, F, . . .) 


is usual terminology for amino acids (Fig. 11.2). (a) Separation of total sample; 
(b) effect of buffer concentration on separation of band pairs H/Y and M/R; (c) effect 
of acetonitrile-THF ratio on separation of band pairs Y/P/V and F/L; (d) effect of 


pH on separation of band pairs T/D/G. (Reprinted with permission from DuPont 
Zorbax PTH Column User’s Guide.) 
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be assayed, run times of 5 to 10 min are desirable. There is rarely any reason 


to seek run times of a minute or less, although fast separations are not detri- 
mental. One exception is on-line monitoring for process control, for which 
there is growing interest in run times of a minute or less. 


Conditions for the final HPLC method should be selected so that the 
operating pressure with a new column does not exceed 170 bar (2500 psi, 
17 MPa), and an upper pressure limit below 2000 psi is desirable. There are 
two reasons for this pressure limit, despite the fact that most HPLC equipment 
can be operated at much higher pressures. First, during the life of a column, 
the back pressure may rise by a factor of as much as 2, due to the gradual 
plugging of the column by particulate matter. Second, at lower pressures 
(<170 bar), pumps, sample valves, and especially autosamplers operate much 
better, seals last longer, columns tend to plug less, and system reliability is 
significantly improved. For these reasons, a target pressure of less than 50% 


of the maximum capability of the pump is desirable. 
When method development i is begun with the preferred conditions of Table 


1.3, many. ž 


(% B) to achieve an acceptable separation. This is illustrated in Fig. 1.4f for the 
separation of this herbicide sample. A mobile phase of 70% methanol-water 


provides good resolution (RK, >1.8) anda runtime of 18 min, with easy detection 


and precise quantitation of later bands. Other samples may require further 
work, involving a change in selectivity or improved column conditions (column 
dimensions, particle size, and flow rate); see the discussion of Chapter 2. 
When dealing with more challenging samples, or if the goals of separation 
are particularly stringent, a large number of method-development runs may 
be required to AERIENE APO plaie penan In some cases a ameliy experi- 


work and cost Havolved. Within the past decade, computer simulation [11,12] 
has emerged as an accepted tool in HPLC method development. Computer 


simulation or “optimization allows a few experimental runs to be used with 


a computer to predict a large number of additional separations. For example, 
only two gradient separations of the sample shown in Fig. 1.4 would allow 


the prediction of both isocratic and gradient separation as a function of % B. 
Computer simulation is discussed in greater detail in Chapter 10. 


1.4.4 Repeatable Separation 


As the experimental runs described above are being carried out, it is important 
to confirm that each chromatogram can be repeated. When changing condi- 


tions (mobile phase, column, temperature) between method-development ex- 
periments, enough time must elapse for the column to come into equilibrium 
with the new mobile phase and temperature. Usually, column equilibration 


is achieved after passage of 10 to 20 column volumes of the new mobile phase 
through the column. However, this should be confirmed by carrying out a 
repeat experiment under the same conditions. When constant retention times 


+£5—COMPEETING-FHE-HPLC-METHOD 17 


are observed in two such back-to-back repeat experiments (+0.5% or better), 


it can be assumed that the column is equilibrated and the experiments are 
repeatable. For reversed-phase separations, longer equilibration times can 
result when one of the two mobile phases being interchanged contains <10% 


organic [13]. 

Failure to ensure column equilibration and repeatable chromatograms can 
be a serious impediment to HPLC method development. This problem be- 
comes critical if a computer is used to predict retention and separation on 
the basis of prior experiments (Chapter 10). Column equilibration can be 
extremely slow for certain reversed-phase HPLC conditions: addition of basic 
modifiers or ion-pair reagents to the mobile phase, the use of tetrahydrofuran 
as solvent, or the use of mobile phases without organic solvent. 


1.5 COMPLETING THE HPLC METHOD 


The final procedure should meet all the goals that were defined at the beginning 


of method development. The method should also be robust in routine opera- 
tion and usable by all laboratories and personnel for which it is intended. 


1.5.1 Quantitation and Method Validation 


Many HPLC procedures will be used for routine quantitative analysis. Accu- 
rate results require the use of standards and a calibration procedure, as dis- 
cussed in Chapter 14. Once the HPLC method is finalized, it should be vali- 
dated as summarized in Table 1.6 and Chapter 15. Usually, full validation is 
preceded by an abbreviated check of the method for specificity, linearity, 


accuracy, precision, recovery, sensitivity, and so on. Prior to the final evaluation 
of method performance, a written assay procedure should be prepared and 
checked _for-clarity_and consistency. The actual validation protocol may vary 


in length from 1 day to 2 weeks, depending on the importance of the method. 
Ideally, this method evaluation will be able to identify any potential problems 


that 


Because column-to-column reproducibility can be a problem in routine 
HPLC analysis, columns from two or more different lots should be tested to 


confirm repeatability. Any unexpected results should be investigated to estab- 
lish the cause and prevent repeated errors in later routine operation. Finally, 
the effects of different experimental conditions on separation should be de- 


fined as part of ensuring method ruggedness (see Section 1.5.3). 


The requirements-of Table_1.6 apply to HPLC methods_that-must-meet 
stringent standards of precision, accuracy, ruggedness, and transferability. In 
other cases, all that a pe bapa ae is a ee sucossiul separation or a 


s, many-of the 


recommendations of Tables |. 5 and 1.6 can be texcd e or eliminated. Some 
of the steps of Fig. 1.1 may also prove unnecessary. Common sense and 
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TABLE 1.6 Completing the Method’ 


1. Preliminary data to show required method performance 
2. Written assay procedure developed for use by other operators 
3. Systematic validation of method performance for more than one system or 


operator, using samples that cover the expected range in composition and 
analyte concentration; data obtained for day-to-day and interlaboratory 
operation 

4. Data obtained on expected life of column and column-to-column reproducibility 

. Deviant results studied for possible correction of hidden problems 

6. All variables (temperature, mobile-phase composition, etc.) studied for effect on 
separation; limits defined for these variables; remedies suggested for possible 
problems (poor resolution of key band pair, increased retention for last band 
with longer run times, etc.) 


wa 


a Applicable primarily to routine or quality-control methods. 


an awareness of the actual goals of each method-development project are 


then sufficient. 


1.5.2 Checking for Problems 


As method development proceeds, various problems can arise, some of which 
are listed in Table 1.7. Initial chromatograms may contain bands that are 
noticeably broader than expected (lower plate number), or bands may tail 
appreciably. Later, during use of the method, it may be found that replacing 
the original column with an “equivalent” column from the same (or different) 


TABLE 1.7 Possible Problems Uncovered During Method Development 


and Validation 


Problem Comment 

Low plate numbers Poor choice of column, secondary retention, poor 
peak shape effects (Chapter 5) 

Column variability Poor choice of column, secondary retention 
effects (Chapter 5) 

Short column life Poor choice of column (Chapter 5), need for 
sample pretreatment (Chapter 4), 3 >pH >7 

Retention drift Insufficient column equilibration (Chapters 6 to 


8), need for sample pretreatment (Chapter 4), 
loss of bonded phase (Chapter 5) 


Poor quantitative precision Need for better calibration, identification of 
sources_of error (Chapter 14) 
New interference peaks Initial separation inadequate or initial samples 


discovered not representative 
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supplier causes an unacceptable change in the separation. Consequently, a 


routine laboratory may not be able to reproduce the method on another, 
nominally equivalent column. Column life may also prove to be undesirably 
short (e.g., failure after less than 100 sample injections). Replicate sample 


injections (same column) may not yield the same chromatogram, assay preci- 
sion may be poor, or retention times may drift from the beginning to end of 
a series of runs. Additional peaks that interfere with the determination of 
analytes may appear in the chromatograms of later samples. 

For routine methods that are to be used for long time periods, it is important 
to anticipate and test for these and other problems before the method is 
released. The undesirable alternative is to discover that the method does not 
perform acceptably after it is introduced into routine application. Method 
irreproducibility can jeopardize the performance of a quality-control or pro- 
duction laboratory. These problems are discussed throughout the book. For 


additional information on diagnosing and correcting HPLC problems of this 
kind, see Ref. 14. 


1.5.3 Method Ruggedness 


condi- 


tions, can be run easily by an average chromatographer, and does not require 
an identical HPLC system for its use. Rugged methods are essentially trouble- 
free and transferable. Method ruggedness can be confirmed by intensive testing 
of the method during validation. Ruggedness can also be designed into a 
method by studing the effects of different variables on the separation. This 
approach is illustrated in Fig. 1.5 for the separation of 20 PTH—amino acids. 
Figure 1.5a shows the separation of a total sample. Figure 1.5b-d show the 


effects of a change in operating conditions on the separation of various critical 
band pairs. For example, in Fig. 1.5d, a change in pH of only 0.2 unit shifts 
band D so that it overlaps either T or G. 


Data as in Fig. 1.5 can prove useful in various ways. First, these chromato- 
grams define band pairs whose separation is critically affected by different 


variables-Atthe same time, the 


is defined. Thus, Fig. 1.5d shows that pH must be controlled within +0.1 unit 


for REA separation this group a ens Second, the data oa 


For example, if bands T and D are Bonny separali, the conclusion is that 
the pH is probably too high (Fig. 1.5d ). Figure 1.5d can also be used to 
estimate how much pH must be changed to restore the separation of these 


two bands. Finally, if a change in separation is caused bya new-column whose 
retention properties are not identical to the original column, different variables 
can be adjusted to improve the separation, using the data of Fig. 1.5 as a guide. 


Studies-of separation as-a function of ¢ 
for variables that are difficult to control (e.g., temperature for an HPLC 
method that uses an unthermostated column). Similarly, pH is difficult to 
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measure with an accuracy better than +0.05 unit; many separations show an 


unacceptable change in retention for pH changes this small. See Section 10.6 
for a discussion of how ruggedness can be improved with the use of computer 
simulation. In subsequent chapters we provide a more detailed account of 


HPLC method development, as well as present additional background material 
relating to this topic. 
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21 INTRODUCTION 


Most chromatographers have some idea of how a change in experimental 
conditions will affect an HPLC chromatogram. In reversed-phase separations 


(Section 6.2), an increase in the mobile-phase percent organic (% B) will 
shorten run time but usually leads to increased band overlap. If the flow 
rate is decreased, run time increases, but the separation usually improves. 


Sometimes (but not always) changing the column will improve separation. 
This awareness of how conditions affect the chromatogram is a combination 
of training and experience. But often what is known about HPLC works only 
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some_of the time.That_is, our_knowledge_is_a_mixture_-of more_helpful and 


less helpful facts. In this chapter we review some basics of HPLC separation: 
more helpful facts that can ensure that method development starts out in the 
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to in later chapters are also introduced. 


2.2 RESOLUTION: GENERAL CONSIDERATIONS 


The chromatogram of Fig. 2.1a shows the partial separation of six different 
bands. Bands 1 and 4 are well separated from other sample components, but 
bands 2, 3, 5, and 6 are partially overlapped. Chromatographers measure the 
quality of separations as in Fig. 2.1a by the resolution R, of adjacent bands. 


Two bands that overlap badly have a small value of R,: 


R, 2( = hy) (2.1) 


~ W, + W; 


Here 4 and t, are the retention times of the first and second adjacent bands 
and W, and W; are their baseline bandwidths. The resolution of two adjacent 
bands with R, = 1 is illustrated in Fig. 2.2. Resolution R, is equal to the 
distance between the peak centers divided by the average bandwidth. To 
increase resolution, either the two bands must be moved farther apart, or 
bandwidth must be reduced. 


2.2.1 Measurement of Resolution 


Resolution can be estimated or measured in three different ways: 


1. Calculations based on Eq. 2.1 


2. Comparison with standard resolution curves 
3. Calculations based on the valley between the two bands 


Equation 2.1 can be used for the measurement of resolution whenever the 
bands are well separated, so that retention times and bandwidths can be 
determined reliably. The manual determination of baseline bandwidth W 
involves (1) the construction of tangents to each side of each band, and 


(2) the measurement of the distance between the intersections of these tan- 
gents with the baseline (Fig. 2.2). This measurement is somewhat awkward 
at first, which may make the corresponding determination of R, imprecise. 


An alternative approach gives more reliable values of R bandwidths at half- 
height (W1,; see Fig. 1.1., Appendix I) are measured for bands 1 and 2, Wo5; 
and W,<>2.Then 


0 2 4 6 8 
Time (min) 


(a) 


0 2 4 6 8 
Time (min) 


(b) 


0 2 4 6 8 
Time (min) 


(e} 
FIGURE 2.1 HPLC separations of a hypothetical sample. See the text for details. 
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tt 


t—> W, W, 


FIGURE 2.2 Calculation of resolution R, for two adjacent bands 1 and 2. See the 
text for details. 


R= 1.18(t = ty) 


— Woss + Wos2 C2 


Calculations of R, using Eq. 2.1 or 2.2 may not be reliable when R, is less 


than 1. 

A comparison of two adjacent bands with standard resolution curves can 
also be used to determine values of R,. This approach does not require any 
calculations, is quite convenient, and is applicable to overlapping bands 
(0.4 < R, < 1.3). The use of standard resolution curves is illustrated in Fig. 
2.3. “Ideal” representations of two overlapping bands can be calculated as a 
function of relative band size and resolution (assumes Gaussian peak shapes; 


Appendix I). In Fig. 2.3, relative band size (height or area) varies from 1/1 
to 4/1 to 16/1 from left to right. Resolution varies from 0.6 to 1.25 from top 
to bottom. Actual overlapping bands can be compared with the ideal curves 


of Fig. 2.3 to match “real” and “ideal”? as closely as possible. It does not 
matter whether the larger band elutes first or last; just mentally transpose the 
two peaks. 


Once a match has been achieved, the R, value of Fig. 2.3 for the closest 
match is then the resolution of the real band pair. This method of estimating 
R,_is_illustrated_in Fig. 2.1a for band pair 5/6, For this-example, the peak 


heights and areas of the two bands are in an approximate ratio of 4/1. A 
comparison of band pair 5/6 with the examples of Fig. 2.3 (4/1 case) suggests 
that R, = 1.0. Similarly, the resolution of band pair 2/3 is Fig. 2.la is 


R, = 0.7 (the band-size ratio is 1/1). Figures I.2 to I.7 (Appendix I) provide a 


more detailed set of standard resolution curves for estimating R, in this manner. 
A third way of estimating R,, based on the height of the valley between two 


adjacent bands, can be used for 0.8 <_R, <_15. This procedure provides more 
precise values of R, but requires slightly more effort than the standard-resolu- 
tion-curve approach. See Fig. I.8 (Appendix I) and the related discussion. 
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1/1 1/4 1/16 
Rs = 0.6 
Rs = 0.8 
Rs = 1.0 
Rs = 1.25 


FIGURE 2.3 Standard resolution curves for the separation of two bands as a function 
of resolution R, and relative band size (area). 


2.2.2 Minimum Resolution 


Chromatograms that contain more than two bands (as in Fig. 2.1a) will have 
different R, values for each band pair. There are five adjacent band pairs in 
Fig. 2.1a and four corresponding values of R, for this separation. A common 


objective in HPLC separation is to separate all bands of interest with some 


minimum resolution. If the accurate quantitation of sample components is a 
goal of HPLC method development, baseline resolution of all bands is desir- 


able. Baseline resolution occurs when the detector trace for the first band 
returns to the baseline before the next band begins to leave the column. This 
is the case for all band pairs in Fig. 2.15 except 5/6. With baseline resolution 


of all bands (as in Fig. 2.1c), the HPLC data system is able to draw an accurate 
baseline under each band, thereby increasing the accuracy of band-area or 
peak-height measurements (and resulting calculations of sample concentra- 
tions). Baseline resolution corresponds to R, > 1.5 for bands of similar size. 


When allowances are made for (1) adjacent bands of dissimilar size and 
(2) the usual deterioration of an HPLC method during day-to-day use, 
R, = 2.0 or greater is a desirable target for method development. 


It is convenient to define the critical band pair in each chromatogram 
obtained during method development. The critical pair is that band pair 
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with the smallest value of R,. In Fig. 2.1la, band pair 2/3 is the critical pair 


(R, = 0.7). In method development the separation conditions are changed 
systematically to improve separation of the critical band pair. This process 


of the entire sample is obtained, as 
illustrated in Fig. 2.1. In the initial separation (Fig. 2.la), band pair 2/3 is 
critical and its resolution must be improved. A change in conditions from the 
separation of Fig. 2.la results in the chromatogram of Fig. 2.15. Now, band 
pair 2/3 is adequately resolved, but there is little improvement in the separation 
of band pair 5/6. As a result, band pair 5/6 is now critical for this separation. 
Further changes in conditions often result in adequate separation of the entire 
sample, with R, > 2 for all bands shown in Fig. 2.1c. Resolution of an entire 
chromatogram is usually expressed as R, for the critical band pair of interest 
in that separation (e.g., R, = 0.7 for the chromatogram of Fig. 2.1a, since 


R, = 0.7 for critical band pair 2/3). 
The appearance of the chromatogram can be misleading as a measure of 
the resolution of the critical band pair. If two bands overlap with R, < 0.5, 


these two bands will appear as a single band (see examples of Figs. I.2 to I.7). 
The chromatographer might then conclude (incorrectly) that the sample has 
been completely separated. Surprises of this kind can be avoided if it is known 


how many compounds are present in the sample; there should be as many 
separated bands as there are compounds. 

For samples of initially unknown composition, there is always the possibility 
that two bands will be unresolved for some set of experimental conditions 
(and appear as a single band). A change in separation conditions and/or the 
use of certain detectors [e.g., diode-array detectors (Section 3.2.6)] can help 


diagnose_and solve problems of this kind. The di 


pairs is also facilitated by the use of peak tracking (Section 10.7). When 
thg Seana of i t meomiig samples can change, ater ARI may: contain 


ity of new bands in the Rat can be anina dd, it is advisable to 
create as much extra space in the chromatogram as possible [i.e., try to achieve 


greater resolution than is otherwise required (R, >> 2)]. Keep in mind, 
however, that excess resolution always means a run time that is longer than 
necessary (Section 2.3.3.1). 


In most cases, the quality of an HPLC separation is adequately described 
in terms of critical resolution and run time. Various mathematical functions 
have been proposed to evaluate separation quantitatively [1,2]. These optimi- 
zation criteria or chromatographic response functions are intended to take into 


account the various goals of method development, and to weight each goal 
(resolution, run time, sensitivity, etc.) accurately according to the requirements 
of the HPLC method. Chromatographic response functions have been used 


in computer-assisted method development (Chapter 10) to select automatically 
the “best” separation conditions for a final method. We feel that these chro- 


matographic response functions are of limited value in most cases. It generally 
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suffices if R, is greater than 2 for all bands of interest and the run time is 


acceptably short. 
When some experimental condition (e.g., gradient time fg) is varied for 
the purpose of improving resolution, it is convenient to plot critical resolution 


vs. that variable (tg). This results in a resolution map. An example is shown 
in Fig. 2.4. Figure 2.4a shows a chromatogram of this peptide sample for a 
120-min gradient time. Bands 9 to 15 are indicated by an arrow, and this 
group of bands is of particular interest (hardest to separate). A resolution 
map for this separation as a function of gradient time is shown in Fig. 2.4b. 
The critical band pair and the resolution R, of this band pair are shown for 
each gradient time. The separation of bands 9 to 15 is also shown for three 
different gradient times: 52 min, 93 min, and 185 min (critical band pair is 
solid black). For a gradient time of 52 min, bands 9/10 overlap completely, 
and_R, = 0, Similarly, for_a_gradient_time_of 185_min, bands_11/12 overlap 


completely with R, = 0. For the intermediate separation (93-min gradient), 
however, a maximum value of R, is observed (R, = 1.2), corresponding 


to the best separation of the sample for a gradient time below 220-min. 
A resolution map allows rapid assessment of resolution vs. any separation 
variable. See the additional examples and related discussion in Section 


10.2. 
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The eee of any two panos] in the PEEN can Þe varied Systeial: 


in terms of three parameters (k, a, and N ) which are ei related to 
experimental conditions: 


k 
1+k (2.3) 


R, = 1/4 (æ - 1) M2 


(selectivity) (efficiency) (retention) 


Here k is the average retention factor for the two bands (formerly referred 
to as the capacity factor, k’), N is the column plate number, and a is the 
separation factor; a = k2/k,, where kı and k, are values of k for adjacent 
bands 1 and 2. Pauanon:2 2.3 is useful in method mae ube because it 


(K), column otnceney (N 4 and an GA This simplifie: the systematic 
variation of conditions to achieve some desired separation. It is convenient 


to regard k, N, and @ as independent of each other, so that changes can be 
made in each variable without affecting the other two. However, this is only 
a rough approximation, especially as regards k and a. 
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FIGURE 2.4 Resolution map for the separation of a peptide mixture by gradient 
elution. (a) Chromatogram for 120-min gradient; (b) resolution map with separation 


of bands 9 to [5 superimposed for gradient times of 52, 93, and 185 min. See the text 
for details. (Reprinted with permission from Ref. 3.) 
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The retention factor k is given as 


k= Tr — to (2.4) 


where fg is the band retention time (see Fig. 2.2) and f is the column dead 
time. The column dead time is related to the column dead volume V,, (volume 
of mobile phase inside the column) and flow rate F as 


Vin 
lo = F (2.5) 


and can be determined as described in Section 2.3.1. Equation 2.3 assumes 
that the retention times of the two bands are similar, which for overlapping 
bands (R, < 1.5) requires a plate number typical of HPLC (N > 2000). Several 


other equations for resolution, similar to Eq. 2.3, have been derived [4]. For 
overlapping bands, these various equations for R, are approximately equiv- 


Figure 2.5a illustrates the effect of k, a, and N on resolution. When condi- 
tions are changed so that k becomes smaller (earlier elution), resolution usually 
becomes worse. When k is made larger, resolution usually improves. If œ is 
increased, the two bands move apart, thereby increasing R, significantly. When 
column efficiency N is increased, the bands become narrower and better 
separated, but their relative positions in the chromatogram do not change. 


Figure 2.5b illustrates which strategy is best for an overlapping critical band 


pair whose resolution must be increased. When the two bands have retention 
times close to tọ [small k, Fig. 2.5b(i)], the best approach is an increase in k. 


When the two bands are partially overlapped and tg >> ty (Fig. 2.5b(ii)}; 


either a or N must be increased. Unless only a small increase in R, is required 
(<30%), however, it is usually better to attempt an increase in æ for this 


situation. When the two bands are badly overlapped with tg >> tọ [Fig. 
2.5b(iii)], an increase in œ is normally required. 
The parameters k and & are determined by those conditions that affect 


retention or the equilibrium distribution of the sample between the mobile 
phase and the column packing: 


1. Composition of the mobile phase 


2. Composition of the stationary phase (column) 
3. Temperature 


Changes in the mobile or stationary phases will generally affect both k and 
a but will have less effect on N. The column plate number N is primarily 


t —_ 


(a) (b) 


FIGURE 2.5 Effects of k a, and N on separation. See the text for details. 


2.3 RESOLUTION AS A FUNCTION OF CONDITIONS 31 


dependent on column quality and can be varied by changing column condi- 


tions: 


1, Flow_rate 


2. Column length 
3. Particle size 


A change in these conditions will not affect k or a as long as the mobile phase 
and stationary phase type are not changed. 

In method development it is advisable first to change conditions that will 
optimize values of k and a, then (optionally) vary column conditions. In this 
way initial experiments can be used to obtain good values of k and æ that 
will not change if only column conditions are varied further. 


2.3.1 Effect of Solvent Strength 


According to Eq. 2.3, resolution increases when sample retention k increases; 
if two sample ee elate near to ce 0), hen R, ~ 0. Sample retention 


g ile phase. A strong 
solvent decreases retention and a weak Sent increases retention. Table 2.1 
summarizes the primary means for varying solvent strength with different 
HPLC methods. In this chapter reversed-phase HPLC is assumed unless 
stated otherwise. 

The effect of solvent strength on a reversed-phase separation is illustrated 
in Fig. 2.6 for the repetitive injection of a five-component sample with a change 


in mobile phase (varying percent methanol) between each injection. The initial 
separation with 70% methanol (Fig. 2.6a) has a short run time but poor 
resolution of the sample; the mobile phase is too strong and values of k are 


too small. This suggests the use of a weaker solvent: 60% methanol in Fig. 
2.6b. Some improvement in resolution has resulted, but the mobile phase is 
still too strong. A change to 50% methanol in Fig. 2.6c results in baseline 


separation of all five bands. However, band 1 elutes close to tọ (marked by 
the baseline disturbance at about 2 min after injection), and as a result the 
baseline under band 1 is poorly defined. This would lead to less accurate 


quantitation of band 1 in this separation. Further decreases in percent metha- 
nol to 40% [part (d )] and 30% [part (e)] result in a well-defined baseline under 
all bands, as well as improved resolution but longer run times. Later bands 
also broaden and band 5 would be difficult to detect or quantitate accurately 


im part (e) with 30% methanol as mobile phase. The run time in Fig. 2:Se is 
also excessive (60 min). 
A mobile phase of 40 to 45% methanol provides the best separation for 


the sample of Fig. 2.6. Baseline resolution of all sample bands is achieved, 
the run time is reasonable (15 to 20 min), the last band has not broadened 
to the point where detection and quantitation are compromised, and the first 
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FIGURE 2.6 Separation of a mixture of anthraquinones by reversed-phase HPLC and 


various mobile phases. Conditions: Permaphase ODS column, 50°C, 1.0 mL/min, UV detec- 


tion at 254 nm. Mobile phases described in the text for parts (a) to (e). (Reprinted with 


permission from Ref. 5.) 


2.3 RESOLUTION AS A FUNCTION OF CONDITIONS 33 


band is well away from the initial baseline disturbance at to. In most cases, 


an intermediate solvent strength will be preferred so that 0.5 < k < 20 for 
all bands. This optimum value of % B (A is the weak and B the strong solvent 
component; see Table 2.1) can be determined by systematic trial-and-error 


experiments as in Fig. 2.6. It is also possible to use an initial gradient elution 
separation to determine more easily the optimum solvent strength (% B) for 
isocratic separation (Section 8.2.2.2). 

In evaluating successive method development experiments as in Fig. 2.6, 
it is important to know an approximate value of tọ for the HPLC system. A 
value of tọ can be estimated in various ways: 


1. First significant baseline disturbance 
2. Use of a very strong solvent as the mobile phase 


3. Calculation from column dimensions 
4. Injection of an unretained sample 


In Fig. 2.6c-e, a characteristic baseline disturbance can be seen at about 


2 min following no es isa a rapid deflection of t the trace above and 


below the base d 
solution and the mobile Bie When an initial baseline eon of this 
shape is seen, it is safe to assume that this corresponds to tọ. Occasionally, 
peaks leave the column before to (often at 0.5 tọ) as a result of their exclusion 
from the pores of the column packing. This can confuse the determination of 
tọ based solely on an initial baseline disturbance. 

The use of a strong mobile phase provides a more reliable estimate of to, 


as illustrated in Fig. 2.6a(70% methanol—water).In this case the sampleteaves 
the column as a more-or-less unresolved plug, and the initial rise of the 
detector trace at 2 min marks fp. Values of tọ can also be determined from 


Eq. 2.5 using an estimate of Vn (mE) from the length £ (cm) and internal 
diameter d, (cm) of the column: 


Vm = 0.5Ld2 (2.6) 


Values of fo estimated from Eqs. 2.5 and 2.6 can be in error by 10 to 20%, 


but this is acceptable for the purposes of method development. Equations 2.5 
and 2.6 are especially easy to apply for the case of 0.46-cm-ID columns, which 
are most often used in HPLC. 


Vm = 01L (0.46-cm-ID column only) (2.7) 


Thus, for a 25 X 0.46-cm column, V,, = 0.1 X 25 = 2.5 mL. If the flow rate 
is 1.5 mL/min, tọ = 2.5/1.5 = 1.67 min (Eq. 2.5). Finally, an unretained com- 
pound can be injected, in which case its retention time equals tọ. Uracil or a 
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ection_at 210 nm)_is-often_used 


for this purpose in reversed- phase HPLC. 
Once a value of tọ has been determined, values of k can be estimated from 


Eq. 2.4. This can be done visually (no calculations) by simply marking off the 


time axis in units of to; then A = Q for one tọ unit, k = 1 for two tọ units, and 
so on. This k-ruler is illustrated in Fig. 2.1a (see the top scale, labeled “k=”), 
for which fg = 1.0 min. Band 1 has k = 0.4 (tg = 1.4 min), and band 6 has 
k = 6.3. When adjusting solvent strength, it is important to make rough 
estimates of k for the first and last bands in the chromatogram. The goal of 
solvent strength adjustment is to position all the bands within a k range of 
roughly 0.5 to 20 (0.5 < k < 20). This range in k will generally (not always!) 
avoid problems from the initial baseline disturbance overlapping the first 
band; when k > 0.5, early-eluting impurity bands are also less likely to overlap 


an analyte band. When k < 20, excessive broadening of the last band and run 
times that are too long will be avoided. 


2.3.2 Effect of Selectivity 


Many-samples-will -be_resolved_adequately_after-solvent-strength_(%_B) is 
adjusted for acceptable retention. This is the case in Fig. 2.6d for 40% methanol 
as mobile phase. Other samples, however, may show incomplete separation, 
even though 0.5 < k < 20 for all sample bands. This is true for the separations 
of Fig. 2.1a and b. The next step in method development (after adjusting 
% B for 0.5 < k < 20) is a change of conditions that will vary band spacing 
or selectivity (values of a). Changes in a can be created by a change in the 


mobile phase, a change in the type of column packing, or a change in tempera 


ture. Usually, it is best to start with changes in the mobile phase. 


2.3.2.1 Changes in the Mobile Phase. The mobile phase selected depends on 
the HPLC method, as summarized in Table 2.1. For reversed-phase conditions, 


TABLE 2.1 Controlling Sample Retention by Changing Solvent Strength 


HPLC Method How Solvent Strength Is Usually Varied? 

Reversed phase Water (A) plus organic solvent (B) (e.g., water—acetonitrile); 
increase in % B decreases k. 

Normal phase Nonpolar organic solvent (A) plus polar organic solvent (B) 
(e.g., hexane~propanol); increase in % B decreases k. 

Ion pair Same as reversed phase. 

Ion exchange Buffered aqueous solution plus added salt (e.g., 5 mM sodium 


acetate plus 50 mM NaCl); increase in ionic strength (NaCl 
concentration) decreases k. 


* Mobile-phase composition given first. 
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TABLE 2.2 Illustrative Changes in the Mobile Phase (from Run 1 to Run 2) That 


Can Be Used to Vary Selectivity (a) in Reversed-Phase HPLC 


Example? 

Variable* Runt Run 2 

Change % B (all) 40% ACN 45% ACN 

Change organic solvent (all) 40% ACN 50% MeOH 

Mix organic solvents (all) 40% ACN 20% ACN + 25% MeOH 

Change pH (ionic) pH 2.5 pH 3.5 

Change ion-pair reagent No reagent 25 mM octane sulfonate 
concentration (ionic) 

Change buffer or buffer 25 mM citrate buffer 50 mM acetate buffer 
concentration (ionic) 

Change additive No additive 10 mM TEA 

Add complexing agent No agent 10 mM silver nitrate 
(special) 


“All means that this variable can be used for both neutral and ionic samples; “ionic” means 
that this variable is only effective for samples that contain ionized or ionizable compounds; 
“special” indicates samples that can interact with the complexing agent. 


b ACN, 


Table 2.2 summarizes some changes in the mobile phase that could change 
selectivity. Generally, it is better to start with the first variable (change in % B) 
and proceed sequentially down the list. These selectivity effects are discussed 
in detail in Chapters 6 and 7. 


Solvent-Strength Selectivity. Often, a range of % B values will result in 
0.5 < k < 20, so that a choice of % B values is available (e.g., 35 to 45% in 


Fig. 2.6). Many samples (but not the example of Fig. 2.6) will exhibit significant 


changes in band spacing when % B is changed by 5 to 10%, allowing better 
resolution of the sample. Thus, in the process of adjusting % B for a good 
retention range, it is also possible to select_a particular % B value for the best 


band spacing and resolution. 


Solvent-Type Selectivity. A change in organic solvent type is a powerful way 
to change band spacing for both reversed- and normal-phase HPLC. Usually, 
it is the stronger solvent component (B solvent) that will be changed for this 
purpose. There are many solvents to choose from, which complicates the 


selection-of preferred -solvents for this purpose. The solvent-selectivity_triangle 


[6] shown in Fig. 2.7 is a useful guide for choosing among different solvents 
for the purpose oF a a. large change in pane parng Soene are attracted 


droee. bonding interactions. As a resit, Solvent selectivity is expected to 
depend on the dipole moment, acidity, and basicity of the solvent molecule. 
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FIGURE 2.7 Solvent-selectivity triangle. See the text for a discussion. (Reprinted 
with permission from Ref. 6.) 


In Fig. 2.7, acidic solvents are found near the acidic corner of the triangle, basic 
solvents are located near the basic corner, and solvents that are predominantly 
dipolar in their interaction with sample molecules will be near the dipolar 
corner. 

Toc 


and new solvents should fall in a different pari of the solvent- -selectivity 
triangle. For example, ethyl ether is close to the basic corner, and CHCl, 


corner_of Fig. 2.7. Therefore, these 
two solvents should differ significantly in their selectivity. If ethyl ether is 
used in the first experiment (normal-phase HPLC) and a change in band 


3 in the next experiment 
should result in a large change of selectivity. Solvent-type optimization for 
both reversed- and normal-phase HPLC, including preferred solvents for this 


purpose, is discussed in detail in Chapter 6. 


Optimizing Solvent-Type Selectivity. A change of the strong solvent (B- 
solvent) often results in large changes in band spacing, such that bands that 


were formerly overlapped are now resolved and bands that were formerly 
resolved are now overlapped. As a result, a mixture of the two strong solvents 
often provides intermediate band spacing and acceptable resolution. This is 


illustrated in the hypothetical separations of Fig. 2.8. The first two experiments 
are designed to adjust solvent strength and the range of k values. It is advisable 
to start with a relatively strong mobile phase, 80% acetonitrile—water in this 


80% ACN 40% ACN 
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FIGURE 2.8 Hypothetical series of method-development experiments, beginning with a 


strong mobile phase of 80% acetonitrile-water (80% ACN). MeOH refers to methanol. See 


Lt 


the text for details. 
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case. The sample is weakly retain t 


quickly with poor resolution of the sample. The second experiment (40% 
ACN) provides adequate retention and resolution is improved. However, 


some_band overlap occurs (bands 2/3 and 6/7) because_of poor peak spacing. 


The organic solvent is then changed from acetonitrile (ACN) to methanol 
(50% MeOH) and a third run is carried out. Band spacing changes, but new 
band pairs are overlapped (3/4 and 5/6). By mixing these two mobile phases 
(equal volumes of 40% ACN and 50% MeOH), a final separation intermediate 
between the second and third runs (20% ACN + 25% MeOH) is obtained 
with acceptable resolution of all bands. The procedure of Fig. 2.8 can also be 
used when varying other conditions (e.g., pH, temperature, concentration of 
an ion-pair reagent, buffer, or other mobile-phase additive). In Chapters 6 to 
9 we describe the general procedure of Fig. 2.8 in more detail and provide 


several (real) examples. 


Other Solvent Properties. Different solvents for use in HPLC method develop- 


ment should also possess certain practical properties. Low viscosity, vapor 
pressures that are not too high (boiling point >40°C), good transmittance of 
low-wavelength UV light (Section 3.2.2.2), and minimal toxicity are important 


characteristics, as well as commercial availability of the highly purified solvent 
at a reasonable price. Appendix II furnishes further information on the proper- 
ties of solvents of interest in HPLC (see also Refs. 7 and 8). 


Selectivity for Ionic Compounds. For ionic samples that contain ionized or 
ionizable components, further changes in the mobile phase are possible as a 
means of varying selectivity: change of pH, use of ion-pairing reagents or 


amine additives, change of buffer or buffer concentration, and so on. These 
effects are discussed in Chapter 7. 


Selective Complexation. In rare cases it may be possible to add a complexing 
agent to the mobile phase that interacts selectively with one or more sample 


components: silver ion complexes with cis-olefins and amines, mercury com- 
plexes with alkyl sulfides, borate complexes with cis-diols, various metal ions 
complex with chelating compounds, and so on. Complexing agents are also 


used for chiral separations (Section 12.1.2). If a complexing agent is used, the 
equilibrium between the sample compound and complexing agent must be 
rapidly reversible; otherwise, broad bands and poor chromatography are likely 
to result. An example of complexation in HPLC is shown in Fig. 2.9, where 


a crown ether is used to complex selectively with primary amines. This 11- 
component mixture of primary and secondary amines is poorly resolved in 
the absence of the complexing agent (chromatogram (a)], but the addition of 


the agent to the mobile phase [chromatogram (b)] selectively retains the 
primary amines (bands NA through SER) and allows their improved sepa- 
ration. 
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FIGURE 2.9 Effect of crown-ether complexing agent on band spacing of primary 
and secondary amines by reversed-phase HPLC. NA, DA, p-OC, m-OC, NM, 3- 


MeDA, and SER are primary amines. (a) 0.01 M HCI mobile phase; (b) same, plus 
5 g/L 18-crown-6. (Reprinted with permission from Ref. 9.) 
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The nature of the column packing can- have 


a major effect on band spacing. In most cases it is not practical to combine 
ELETEN packings into a single: column: although columns of different ue 


ily ales an cae aa. in A, as ooed] to the annis 
changes in selectivity that are possible by changing mobile-phase composition. 
This limits the ability of the column (by itself) to fine-tune band spacing for 
samples that contain a relatively large number of components. For this reason 
a change in the column usually should be combined with changes in the mobile 
phase to optimize band spacing. A change in the column should be considered 
only after changes in the mobile phase have been tried. 

Most HPLC column packings are made by bonding an organic layer onto 
the internal surface of porous silica particles (Section 5.2.3). The resulting 


er 
of factors: 


1. The chemical nature or functionality of the bonded phase [e.g., Cig, 
phenyl or cyano (for reversed-phase HPLC)}] 


2.-Fhe amount of bonded phase per-unit surface of the silica particle (e.g., 


2 vs. 4 umol/m?) 

3. The way in which the bonded phase is attached to the silica surface [e.g., 
monofunctional vs. polyfunctional silane reactions (Section 5.2.3.1)] 

4. The nature of the silica surface, which varies among different silica 
sources (Section 5.2) 


Systematic and reproducible changes in selectivity are best achieved by 
varying column functionality (e.g., for reversed-phase HPLC, by changing 
from_a_C;g column _to_a-cyano_or phenyl column). Changes in selectivity_can 


also be achieved by a change in the source (supplier) of the column due to 
differences i in ne  Manutacturiig processi or the staring. silica. However, such 


mended for the davena of rugged methods, as discussed: in A 5. 


2.3.2.3 Changes in Temperature. An increase in column temperature by 
1°C will usually decrease retention (k) by 1 to 2%. A change in k can also 
result in changes in œ, so temperature is a potentially useful parameter for 
changing band spacing and improving resolution. One advantage of using 


temperature for optimizing selectivity is convenience. No change in the column 
is required, nor is it necessary to make up a new mobile phase; however, for 
a large increase in temperature it may be necessary to reduce % B to maintain 


0.5 < k < 20. Temperature can be regulated by means of the HPLC system 
controller, which facilitates manual method development and enables auto- 


mated method development based_on changes in temperature. 
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Many examples have been reported where changes in temperature result 


in useful changes in band spacing. Favorable temperature selectivity effects 
are more likely to occur for the separation of ionizable samples, but some 
neutral samples have shown significant changes in a with temperature. For 


specific examples and a further discussion, see Sections 6.3.4, 6.6.4, 7.3.2.4, 
7.4.4.2, and 9.4 and Chapters 11 and 12. 

Until recently, temperature has not been widely used for controlling band 
spacing, because of certain considerations: 


1. The HPLC equipment is often not equipped with a column thermostat. 


2. Many HPLC columns are not stable at higher temperatures, particularly 
for a mobile phase pH below 3 or above 6. 
3. Solvent viscosity and vapor pressure depend strongly on temperature, 


which restricts the practical range in- which temperature can be varied. 


4. It has been assumed that a change in temperature is usually less effective 
for changing values of a. 


These considerations have been undergoing a reexamination [11], and it is 
expected that in the future temperature will be used increasingly for the 


purpose of controlling band spacing and facilitating HPLC method develop- 
ment. Since a change in temperature can affect k as well as a, to maintain 
constant retention times and resolution during routine HPLC analysis, it is 
desirable to have a column thermostat [especially for ionic samples (Section 
7.3.3.3)]. The same thermostat can be used in method development to select 
an optimum temperature. Stable column packings are now available for high- 
temperature operation at low pH, and conditions for extended column life at 


higher temperatures and high pH have been determined (Sections 5.2.3.4 
and 5.4.3.5). 


2.3.3 Effect of Column Plate Number 


spacing, a promising chromatogram will be obtanied “Hopefully, this chro- 
matogram will meet the initial goals of the separation as discussed in Section 


1.2.2. In other cases, further improvement in the separation is required. Equa- 
tion 2.3 states that resolution increases for all bands when N is increased as 
long as values of k and a do not change. So, if resolution needs to be improved 
after adjusting k and æ values, an increase in N is one option. Conversely, if 
the separation has more resolution than required (R, >> 2), this excess resolu- 


tion can be traded for a shorter run time (by reducing column length and/or 
increasing flow rate). An increase in N can always be achieved by increasing 


column length and/or reducing flow rate (but with an increase in run time). 
Therefore, changes in instrument conditions that affect N can be regarded as 
a way of trading resolution for run time. 
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The column plate number increases with several factors: 


. Well-packed columns (column ‘“‘quality”’) 


. Longer columns 

. Lower flow rates (but not too low) 

. Smaller column-packing particles 

. Lower mobile-phase viscosity and higher temperature 
. Smaller sample molecules 

. Minimum extracolumn effects 


NYDN PWN 


Column quality or performance is discussed in Chapter 5. Column perfor- 
mance can be defined in terms of values of N and band asymmetry (band 


shape) for a test substance run under “favorable” conditions (see below). The 
column plate number N is defined by 


N= 16( #2) (2.8) 


As discussed earlier, manual measurement of the baseline bandwidth W may 
be subject to error. Therefore, a more practical equation for N is 


tr 2 
N= s.s4( 12.) 2.8a 
Win (2.84) 


Here tpg is band retention time and Wn is the bandwidth at half-height (Fig. 
I.1). Another relationship that is used to measure N is 


1\2 
N= 2n( et) (2.8b) 


where h’ is the peak height and A is the peak area. Equation 2.8b is often 


used in HPLC data systems to determine a value of N. 

Band shape is characterized by an asymmetry factor or tailing factor as 
described in Section 5.3.2 (Fig. 5.17). Each of these band-shape functions will 
have a value close to 1.0 for “good” (symmetrical) bands. Band shape and 


plate number-can-be-combined-into-a single 
plate number. One commonly used relationship of this kind is the Dorsey- 
Foley equation [12]: 


41.7(tp/Wo.1)? 


N = (Bia) + 125 


(2.8c) 
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Wọ. is bandwidth at 10% above baseline, and A and B are as defined in Fig. 


5.17 (see the related discussion of band shape). A value of N from Eq. 2.85 
will be smaller than one from Eq. 2.84 when the peak exhibits tailing. Equation 
2.8c_can be used for fronting bands by replacing B/A with its reciprocal 


A/B [13]. 

Even bands that appear to be symmetrical will usually have a small amount 
of tailing. As a practical consequence, if two adjacent bands with R, < 2 differ 
greatly in size, it is highly advantageous to position the smaller peak first and 
the larger peak second. Otherwise, the tail of the larger peak will overlap the 
smaller peak and make its quantitation difficult. 

Column quality as measured by N is best determined with an ideal test 
system, rather than with the sample and conditions of the method under 
development. Ideal conditions for reversed-phase HPLC consist of the fol- 


lowing: 


1. A small, neutral compound as test sample (e.g., toluene or naphthalene). 


2. Flow rate of 1 mL/min for columns with 0.4 < ID < 0.5 cm; a flow rate 
that is proportional to (column-diameter} should be used for columns 
with smaller or larger diameters. 


3. Mobile-phase viscosity (7) of less than 1 cP (e.g., 0 to 100% acetonitrile- 
water for temperatures > 20°C). 

4. Temperature of < 40°C (depending on the HPLC equipment, higher- 
temperature operation can give misleading results). 

5. Equipment that is well plumbed [minimal extracolumn band broadening 
(Section 2.3.3.3)]. 


Representative values of the ideal N value for columns of varying length 
and particle size are provided in Table 5.9. If a new column has an N value 


less than two-thirds-of this ideal -value,it should -be-replaced_with-a_better 


column. The ideal value of N generally will be larger than the value for the 
method under development. 


The effects of column length, flow rate, and particle size on N are discussed 
in the following section. These conditions can be varied to further improve 
the separation (better resolution or shorter run time). Mobile-phase viscosity, 


temperature, and sample molecular weight are determined by the conditions 
of separation after values of k and a have been optimized. Therefore, further 
changes in these variables will not be carried out as part of optimizing N. 


2.3.3.1 Column Conditions and Separation. A change in column conditions 


(column length, flow rate, particle size) will cause a change in N without 
affecting k or a values. So, once retention and selectivity have been adjusted 


for improved separation, N can be increased (or decreased) without affecting 
k or a. When a change in column conditions is made, a change in pressure 
can also result. The pressure drop across the column is given by 
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— 250LyF 
P= a (2.9) 


here Pis the pressure in psi, L the column tength (cm), 7 the mobile-phase 
viscosity (cP; see Table II.3 of Appendix II), F the flow rate (mL/min), d, the 
particle diameter (um), and d. the column ID (cm). P will also vary with how 
well the column is packed. 

Usually, resolution, run time, and column pressure are of primary concern 
when varying column conditions and N, although maximizing sensitivity (by 
minimizing bandwidth) is of interest in trace analysis. The systematic improve- 
ment of separation by a change in N and column conditions is illustrated in 
Table 2.3 and Fig. 2.10. These chromatograms are computer simulations (Sec- 
tion 10.2.1) based on actual experiments and a fundamental and reliable model 


of band spreading in HPLC [15-18]. Referring to Table 2.3, entry t (25-cm 
column, 1 mL/min) is for the separation that resulted from the optimization 
of k and a values. Resolution is very good (R, = 2.9), the pressure is acceptable 


(990 psi), but the run time is somewhat long (21 min). In this case, a decrease 


TABLE 2.3 Effect of Column Conditions on Separation of a Pesticide Sample’ 


Column Conditions? 


a Run Time Pressure 
L (cm) F (mL/min) d, (um) R, (min) (psi) 
1 25° 1.0 5 2.9 21 990 
2 25 2.0 5 2.3 11 1980 
3 15 1.0 5 2.2 13 594 
4 15 1.4 5 2.0 9 830 
5 10 2.0 3 2.2 4 2200 
6 10 1.8 3 2.2 5 1980 
7 8 2.0 3 1.9 3 1756 
8 8 1.7 3 2.0 4 1490 
9 254 2.0 5 22 11 1980 
10 gi 1.7 3 1.3 4 1490 


“See Fig. 2.10 for details. 
P L is the column length, F the flow rate, and d, the particle size. 


“Conditions following adjustment of conditions for optimized k and a values. 
“Data for an older HPLC system with greater extra-column band spreading; ces = 0.02 vs. 
0.005 mL in other examples. 


a 2 
FIGURE 2.10 Effect of column conditions on ee sas àr a pesticide sample. 
p e~—water; 30°C; 


1.0 MEIN: Conditions for b)- eji as Shown in Figure. Sample: 1, atrazine metabolite; 
2, metribuzin metabolite; 3, fenam sulfoxide; 4, fenam sulfone; 5, diuron; 6, propanil; 


7, pronamide metabolite; 8, SWEP. (Computer simulations based on data of Ref. 14.) 
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25 cm 
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2.0 mL/min 


8 cm 
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1.7 mL/min 


8 cm (older HPLC system) 
3 ym 
1.7 mL/min 
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in N (as long as R, > 2) can be traded for a decrease in run time. The simplest 


and most convenient change in column conditions is an increase in flow rate, 
provided that the column pressure does not exceed the desired pressure limit 
(e-g 2000 psi-Entry 2 of Table 2.3 shows-that a flow rate of 2-0- mL/min 


provides a run time of 11 min, with acceptable resolution (R, = 2.3) and 
pressure (1980 psi). These first two runs are illustrated in Fig. 2.10a and b. 

If a further shortening in run time is desired, the next option to explore is 
a shorter column. For a 15-cm column at 1.0 mL/min, entry 3 of Table 2.3 
shows acceptable resolution (R, = 2.2) and pressure (590 psi), with a run time 
of 13 min. For this column, the flow rate can be increased to 1.4 mL/min 
(entry 4) before resolution drops to the minimum acceptable value (R, = 2.0). 
Pressure is acceptable (830 psi) and the run time is now only 9 min. This is 
the best separation seen so far (Fig. 2.10c). 


Usually, a further reduction in run time can be achieved by reducing the 
particle size. Table 2.3 shows several runs (entries 5 to 8) with a 3-um column 
and varying column lengths and flow rates. The best separation is obtained 


witha 8-cm column anda flow rate of 1.7 mL/min (entry 8, Fig. 210d). 
Resolution (R, = 2.0) and pressure (1490 psi) are acceptable, and the run 
time is only 4 min. The successive experiments of Table 2.3 provide a logical 


approach to the best possible column conditions for this separation. 

Some caution should be exercised when changing the column (different 
length or particle size). The packing in different columns of the same type 
(especially from different manufacturers) may vary sufficiently to cause 
changes in @ (Section 5.4.1). For some (less reproducible) column packings, 
this might require reoptimization of mobile-phase conditions to achieve the 
best band spacing. Smaller-particle (3-~4m) columns are also easier to plug, 


-pore frits are required to contain the particles in the 
column (Section 5.4.3.1). However, the use of 3.5-4m packings with 2.0-um 
frits seems to provide the advantages of a smaller particle with none of its 


disadvantages (Section 5.2.2). 


2.3.3.2 Plate Number as a Function of Conditions. A well-developed the- 


ory exists for column plate number as a function of all experimental conditions 
[18]. If the plate height H = M/L is defined (L is column length), H will vary 
with the velocity u of il it passes th h the colum = 


L/t,). Two different expressions for this relationship have been described: 


H=A'+ z + C'u (van Deemter et al. [19]) (2.10) 


H = A'u? + z + C'u (Kennedy and Knox [20]) (2.10a) 


Here A’, B’, C’, A”, B”, and C” are constants for a particular sample compound 
and set of experimental conditions as flow rate is varied. Equations 2.10 and 
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2.10a are generally similar and have been used interchangeably to describe 


how plate number varies with flow rate or velocity u. There is an optimum 
flow rate for which H is a minimum and N is a maximum. This is illustrated 
in Fig. 2.11 for the separation of a fatty acid ester as a function of flow rate 


and temperature. The optimum flow rate for this sample is between 0.4 and 
0.6 «L/min (note that this is a capillary column with ID = 0.2 mm). As the 
temperature is increased, the optimum plate height H remains the same 
(H = 17 um), but H increases with flow rate more slowly at higher tempera- 
tures. 

The plate height H and velocity u can be expressed as dimensionless quanti- 
ties: reduced parameters, h = H/d, and v = ud,/D,,. The Knox equation (Eq. 
2.10a) then assumes the form [20] 


h= Av’ + 5 + Cv (2.11) 


Equation 2.11 has been used to compare column efficiencies and to under- 
stand the effect of separation conditions on the plate number N. For 


well-packed columns of varying particle size and differing conditions, the 
coefficients A, B, and C will generally be roughly constant (e.g, A = 1, 
B = 2, and C = 0.05 for porous particles). However, values of B and C 
vary somewhat with the value of k for the band [15]. This reduced- 
parameter Knox equation is illustrated in Fig. 2.12 for porous and pellicular 
(nonporous) columns. 


HPLC columns are usually operated at flow rates higher than the optimum 


(0.4 to 0.6 uL/min for the 0.2-mm-ID column of Fig. 2.11), because higher 
flow rates allow shorter run times without much loss in resolution. Under 
these-higher flow_rate-conditions_(typically >—0.5-mL/min_for-a_0.46-em-ID 


column), higher plate numbers will be observed for smaller particles, smaller 
sample molecules, less viscous mobile phases, and higher temperatures. The 


effect of temperature can be seen in Fig. 2.11. 


2.3.3.3  Extracolumn Effects. The preceding discussion ignores the possible 


effect of the HPLC equipment on separation. Band spreading can occur in 
several parts of the system and contribute to bandwidth W: 


- In the column as discussed in preceding sections (W.) 
- In the injector or autosampler (W,) 
-_In_the_lines_and-connectors_between_the_column_and_autosampler_or 


detector (W) 
- In the detector flow cell (Wp) 
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50 


Plate height (um 


10 
0.0-0.2-0.4 0.6 0.8 1.01.2 1.4 1.6 182.0 


Flow rate (uL/min) 
FIGURE 2.11 Dependence of plate height H on mobile-phase flow rate. Methyl 


ester of Cie fatty acid; 40 < 0:02-cm S-am Cig column; 85% acetonitrile—water mobile 
phase. (Reprinted with permission from Ref. 33.) 
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These contributions to the bandwidth W observed in the chromatogram 


add as follows: 


W? = W2+ W+ Wi+ WÈ (2.12) 


As long as the bandwidth contributions W,, Wx, and Wp are each less than 
about 4W, their effect on W can be neglected. Band broadening within the 
column W, is given by Eq. 2.8, which can be expressed in volume units V 
(baseline band volume) as 


4VR 
V = —= 2.13 
VN (2.13) 
Since Vz is given as 
Vr = Valt + K) (2.14) 
then 
V= 4Vn(1_+ k) (2.15) 


VN 


Here V,, is the column dead volume (Eq. 2.5), which is proportional to the 
internal volume of the column. Thus, bandwidths V will be smaller for shorter, 
narrower columns (smaller V,,) packed with smaller particles (larger N per 


o 1 2 3 
log v 


FIGURE 2.12 Theoretical dependence of column efficiency on flow rate. Knox equa- 


tions for porous and nonporous columns (reduced parameter plots). See the text for 
details. For porous column, Eq. 2.10a with A = 1, B = 2, and C = 0.05. For nonporous 
columns, Eq. 2.10a with A = 1, B = 2, and C = 0.003. 
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unit length). V is also smaller for bands that are less retained (smaller k 


values). When V is small, extracolumn effects contribute to a greater extent 
and well-designed HPLC equipment becomes more important. 


The contribution of the autosampler to bandwidth W, is usually due mainly 


to the volume of the injected sample (Section 2.4.1). Extra-column contribu- 
tions W,, can be reduced by minimizing the diameter and lengths of connecting 
tubing, and by ensuring that all connections are made properly with zero- 
dead-volume fittings. Finally, contributions Wẹ can be minimized by using 
well-designed flow cells of minimum volume (e.g., 0.5 to 2 wL). For a further 
discussion of extracolumn band broadening and its control in practical HPLC 
systems, see Ref. 22. 

Because smaller-particle columns must be shorter to avoid high pressures, 
the ee ene is more rote to extra- column pang A ERA 


(e.g, a Hewlett- Packard 1090). The thethod- O ponies ee 
hasaccess to high-quality equipment with minimal extra- column band broad- 


ening. However, this: may-not-be-true-for 
HPLC assays. Entries 9 and 10 of Table 2.3 illustrate method performance 
when older, less-well-designed HPLC equipment is used for the separa- 


tion. For the 25-cm, Spm (2.0 mL/min) method (Tabie 2.3), resolution is not 


much affected by which system is used: R, = 2.3 (newer system) and 
R, = 2.2 (older system). However, for the 8-cm, Pim (1.7 mL/min) method, 
resolution is considerably degraded on the older system: R, = 1.3 vs. 2.0 for 
the newer system (compare Fig. 2.10d and e). For these reasons, 5-um particles 
are usually preferred for methods that will be run with equipment that can 
contribute greater extracolumn band broadening (e.g., as in many production 


orquality-controHaboratories} 


2.4 SAMPLE-SIZE EFFECTS 


Except for Chapter 13 and the present section, it is assumed in this book that 


sample size is so small that it has no effect on the retention, plate number, 
or resolution of individual peaks within the chromatogram. For a broad range 
of sample sizes (e.g., < 25 uL and < 10 yg for 0.4- to 0.5-cm ID columns), 


this is usually the case. If the column length or diameter is reduced, the 
allowable sample volume or weight decreases in proportion to column volume. 
Similarly, use of a more efficient column (larger N, other factors equal) will 
require smaller sample volumes or weights. The separation of basic compounds 


on silica-based, reversed-phase column packings sometimes requires a 10-fold 
or greater reduction in sample weight (< 1 wg) to avoid excessive band 
broadening and tailing (as a result of silanol interactions [23]). 


The accidental or intentional increase of sample size beyond these limits 
leads to a predictable change in separation, which is the subject of this section. 
As sample size is increased, peaks eventually broaden and the plate number 
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N decreases, retention times decrease, and sample resolution worsens. We 


refer to this situation as column overload. 
An understanding of the effects of sample size on HPLC separation is of 
value for three different situations: 


1. To avoid an undesirable change in separation due to a sample size that 
is too large 

2. To increase detection sensitivity for trace analysis, by using the largest 
possible sample size (Section 14.5.4) 

3. To maximize the recovered weight of purified product in preparative 
HPLC (Chapter 13) 


A change in resolution and/or retention that results from the injection of a 


or mass overload, respectively. 


2.4.1 Volume Overload: Effect of Sample Volume on Separation 


For analytical separations it is usually preferable that the sample is dissolved 


in the mobile phase. For this case there is no difference in solvent strength 
(k values) between the sample solvent and the mobile phase. If the sample 
is introduced to the column as a plug of volume V,, and if the baseline (4c) 
volume of a peak for a small-volume sample is V., the peak volume V for a 
large sample volume will be [24]: 


V = (V2 + V2}? 


=~ (V2 + V2)? (2.16) 


The effect-of-an increase in sample volume V, on peak width and shape-is 
illustrated in Fig. 2.13 and Table 2.4. When the ratio of sample volume to 
peak volume (V,/V,) is less than 0.1, there is no significant effect of sample 


volume on peak width or separation. As sample size is increased further, 
however, the sample peak begins to broaden, and eventually (for V/V. > 5, 
e.g., Sample 4 in Fig. 2.13) the peak develops a flat top. 


As long as the sample volume V, is less than 0.4 times the peak volume 
for a small sample V., the increase in peak width and the loss in sample 
resolution will be < 10%; this is usually acceptable. This criterion (V, < 0.4V,) 
should be applied to the critical peak pair. As an example, assume a 15 x 


0.46-cm column and 0.5< k < 20. For a typical plate number N = 10,000, 
values of V, will range from 90 to 1300 uL, and therefore the maximum sample 
volume will vary from 35 to 500 pL fi.e., the maximum value of V, varies 


strongly with k for the analyte(s)|- Larger sample volumes can be used when 
resolution is not limiting or the sample is dissolved in a solvent weaker than 
the mobile phase. 
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5 6 7 8 


FIGURE 2.13 Effect of sample volume V, on peak width and shape. V/V. = 0.3(1); 
3(2); 5(3); 15(4). (Computer simulations as in Ref. 25. Courtesy of Geoff Cox, Prochrom 
R&D.) 


TABLE 2.4 Effect of Sample Volume (Loop Injection) on Peak Width 
and Height (Eq. 2.13) 


VIV2 Vv? Relative Peak Height 
<0.05 (1.00) S 

0.1 1.01 0.10 

0-2 £03 0-49 

0.3 1.06 0.28 

0.4 1.10 0.36 

0.6 1.22 0.49 

1.0 1.53 0.65 

1.5 2.00 0.75 

2.0 2.52 0.79 

5.0 5.86 0.85 
10.0 11.6 0.86 (maximum) 


"V, is the sample volume; V, is the baseline peak volume for a small-volume sample. 
b V is the observed peak volume. 


2.4 SAMPEE-SIZE-EFFECTS §3 


Injection of the sample from a loop leads to mixing of the sample with 


mobile phase before the sample enters the column (due to laminar flow). As 
a result, the volume of the sample during injection is typically increased (by 
about 50%); that is, the effect of sample volume on peak broadening is usually 


somewhat greater than predicted by Eq. 2.16. Table 2.4 summarizes the effect 
of sample volume on peak width and height, based on Eq. 2.16. Note that the 
effect of sample volume on peak width is less important for wider bands 
(larger V.), because for a given sample volume V,, the ratio V/V. is then 
smaller. This means that early (narrower) bands in the chromatogram are 
most affected by large-volume samples, similar to the case for other extra- 
column band-broadening processes (Section 2.3.3.3). 

A sample may be provided as a solution in a solvent other than the mobile 
phase. When the sample solvent is weaker than the mobile phase, larger 
sample volumes can be injected without adverse effects on peak width and 


separation. Conversely, injection of the sample in a solvent stronger than the 
mobile phase often leads to broadening and/or distortion of early bands in the 
chromatogram [26-28] and should be avoided if possible. If it is inconvenient to 


change the sample solvent, smaller injection volumes (< 10 to 20 uL) of 
sample dissolved in a strong solvent (e.g., 100% B) can sometimes be tolerated. 


with the weaker A-solvent (e.g., water in reversed- 


phase HPLC) followed by injection of a proportionately larger sample volume 
is also effective in minimizing sample-solvent-related problems. See the further 
discussion in Section 5.4.2. 


2.4.2 Mass Overload: Effect of Sample Weight on Separation 


Even when a small sample volume is injected, it is possible for the mass of 


the sample to overload the column so as to broaden sample peaks and change 
pear shape: aa noppen Because the coum has a ee eee to retain 


iiptake ofa aad x by the column can be omon maed by the En 
isotherm [29], which is illustrated in Fig. 2 14a by a log-log plot of stationary 


phase-uptake of X vs-thecone 


rium). For small concentrations of X [X] in the mobile phase (e.g., [X] < 3 
in Fig. 2.14a), the uptake of X by the column is proportional to the concentra- 


tion of X in the mobile phase (linear isotherm behavior). Under tinear- 
isotherm conditions (sample weight less than some maximum value), no 
change will be observed in sample retention, peak width N, or resolution as 
sample weight is varied. At higher concentrations of X in the mobile phase 


(>10 in Fig. 2.144), linear isotherm—behavior_is no longer_observed, with 


predictable effects on the separation (see Fig. 2.14b). Here asample compound 
has peen ee be peels yanng omy ae woe and the resulting 


an so there is no peak disorion The Econ of E larger 
samples (2 to 5), however, results in the formation of nested peaks having a 
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FIGURE 2.44 Effect of sample weight on peak width and shape. (a) Plot of sotute 
uptake by the column (as a percentage of the saturation capacity) vs. solute concentra- 
tion in the mobile phase; (b) superimposed solute peaks (1 to 5) for injections of 


ion from Ref-30.) 
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right-triangle shape. The larger the sample weight, the wider is the resulting 


peak (sample weights increase from 1 to 5 in Fig. 2.145). 
As long as the weight of individual sample components in the injected 
le is not excessive ically less than 1 to 2 mg for 0.46-cm ID columns 


each band moves through the column independent of other bands. In Fig. 
2.15a the sample size is 1 mg for the reversed-phase separation of each of 
these two xanthines (15 x 0.46-cm column). One milligram each of the two 
compounds was injected separately (——) and as a mixture (----), and the 
three chromatograms were superimposed. There is little difference in the 
resulting bands for this moderately overloaded separation, whether the com- 
pounds are injected alone or in mixture with each other. Similar behavior is 
seen in Fig. 2.155 for separations where 2.5 mg of each compound was injected. 


2-solute fp 2 Sute 


FIGURE 2.15 Separation of xanthine sample as a function of sample weight. Overlap- 
ping chromatograms for injection of individual compounds and mixture. Compounds 
are hydroxyethyltheophylline (HET) and hydroxypropyltheophylline (HPT); column 


is 15 X 0.46-cm Zorbax C8; mobile phase is 20:5:75% methanol-acetonitrile—buffer. 
(a) 1.0 mg of each compound; (b) 2.5 mg of each compound; (c) 2.5 mg of HET and 
25 mg of HPT. (Reprinted with permission from Ref. 31.) 
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The right-triangle band shapes shown in Fig. 2.15a and b are the result of 
sample weights that are roughly 100 to 250-fold larger than maximum sample 


weights (10 wg each compound) for linear-isotherm behavior. For further 


discussion of sample-size_effects, see Section 13.2. 


2.4.3 Avoiding Problems Due to Too Large a Sample Size 


When carrying out HPLC separation for the purposes of sample analysis, it 
is desirable that values of k, N, and R, remain constant for different samples 
being analyzed by the same procedure. This condition simplifies both quantita- 
tion and peak identification based on retention time. Constant values of k 
and N in turn require sample sizes small enough so that separation is not 
affected. The sample volume is normally kept constant for HPLC analysis, 


and for this case-a_large-volume sample will not result in sample-to-sample 


changes in separation. 


2.4.3.1 Higher-Than-Expected Sample Concentrations. If the concentra- 
tion of an analyte changes from sample to sample, it is possible that mass 
overload will result for high-concentration samples and cause loss of resolu- 


tion, change in retention time, and so on. The effect of analyte concentration 
or weight on separation should be determined for the final HPLC procedure 
(after method development), and a maximum analyte concentration or weight 
Wmax Should be established. Samples exceeding this concentration should be 
diluted and rerun. The maximum value of w,,,, for either reversed- or normal- 
phase separation can be estimated from the following relationship (see Sec- 
tion 13.4): 


k 


2 
Wenax = 50 (3 z 3 d? (2.17) 


Here Wmax is in micrograms and d, is the column ID in centimeters. The 


maximum sample size is the same for both short and long columns [32]. Note 
that the value of wmax is for each compound in the sample, not for the total 
sample weight. For example, if no component of the sample comprises more 


than 10% of the sample weight, the maximum sample weight will be 10-fold 
greater than Wmax Equation 2.17 overestimates wmax Whenever the column- 
packing pore diameter >> 10 nm, the particle size < 5 wm, ionized acids are 
present in the sample, or (especially) basic sample compounds are subject to 


silanol interactions (Section 7.3.3.2). 


2.4.3.2 Trace Analysis. In trace analysis or for analytes with poor detectabil- 


ity, it is desirable to maximize the analyte signal or concentration C in the 
flow cell (Eq. 3.5). Usually, the quantity of analyte injected for trace analysis 
will be too small to overload the column, but other components of the sample 
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may result in column overload and adverse effects on the separation of the 


analyte. That is, when the injected weight of one compound is large enough, 
it can affect the separation of a second, adjacent band. This is illustrated in 
Fig. 2.15c. In Fig. 2.155, 2.5 mg of each compound was injected and the 


presence of one compound in the sample did not affect the separation of the 
second compound. In Fig. 2.15c the amount injected of the second compound 
was increased 10-fold (25 mg), and now the separation of the first band is 
affected markedly. For injection of the first compound by itself, the retention 
time is 3.6 min; for injection of this compound in the presence of 25 mg of 
the second compound, its retention time shifts to 3.1 min and the band becomes 
narrower. Some similar examples more closely related to trace analysis are 
shown in Fig. 13.5. 

When a sample contains excessive amounts of interfering compounds, the 


best approach is a sample cleanup to remove these interfering compounds 


(Chapter 4). In trace analysis, it is advantageous to inject a sample volume 
that is as large as possible. Table 2.4 suggests that V,/V, usually should not 


exceed_a_value_of_0.4; otherwise, significant peak broadening and_loss_of 
resolution can result. However, if the band of interest is well resolved from 
adjacent bands, and if enough sample is available, larger sample volumes can 


increase-peak height by- morethan two-fold (Table-2.4) If the -sample—is 
dissolved in a solvent that is much weaker than the mobile phase, larger 
volumes can be injected with a proportionate increase in band size and no 
additional band broadening. 
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3.3.6 Less Common Detectors 


3.1 INTRODUCTION 


In most cases HPLC method development is carried out with ultraviolet (UV) 
detection using either a variable-wavelength (spectrophotometric) or a diode- 


array detector (DAD). Therefore, the major part of this chapter is concerned 
with UV detection, which can provide an adequate response for most samples. 
Alternative detectors are selected primarily when: 


59 


60 DETECTION SENSITIVITY AND SELECTIVITY 


- Samples have little or no UV absorbance. 
- Analyte concentrations are too low for UV detection. 
- Sample interferences are important. 


- Qualitative structural information is required. 


Detector type and operation affect the relative response of sample compo- 
nents and potential interferences in three interrelated ways: sensitivity, selectivity, 
and baseline noise. The importance of adequate detection sensitivity is illustrated 
in Fig. 3.1a for the separation of an aged sample of n-butanol. Using UV detection 
at 200 nm, no peaks are detected in the chromatogram. If 184 nm is selected 
for detection (Fig. 3.15), eight different peaks are clearly visible. Detection selectiv- 
ity is illustrated in Fig. 3.2. In Fig. 3.2a the analyte of interest (riboflavin, arrow) 
is almost completely overlapped by early-eluting interferences. In this case, a 


change from UV detection (Fig. 3.2a) to fluorescence detection (Fig. 3.2b) pro- 
vides much better detection selectivity and permits a quantitative assay for ribo- 
flavin. Figure 3.3 shows the importance of baseline noise in limiting detection and 


quantitation. In Fig. 3.3a the signal/noise (S/N’) ratio is only 4, which precludes a 
precise measurement of peak height or area. In the same separation with different 


detector settings (Fig. 3.3b_and_c), baseline_noise_is_much reduced, with an 


increase in S/N’ ratio to a value of 19 in Fig. 3.3c. 


3.2 UV DETECTION 


3.2.1 General Considerations 


Figure 3.4 illustrates some general features of all UV detectors. The light 
source is typically a deuterium lamp, which provides acceptable light intensity 
from 190 to 400 nm. When measurements at visible wavelengths (400 to 


700 nm) are required, a higher-energy tungsten-halide lamp is often used 
(although a deuterium lamp is still usable above 400 nm). However, most 
HPLC applications are carried out using wavelengths below 400 nm. Light 


from the lamp passes through a UV-transmitting flow cell connected to the 
column and impinges on a diode (or a phototube in older systems) that 
measures the light intensity /. Usually, light from the lamp is also directed to 


a reference diode for measurement of the original light intensity J). The 
detector electronics then convert the signal from the two diodes into absorb- 
ance A, which is transmitted to the data system: 


AS ton (3.1) 


Analyte concentration C in the flow cell is related to absorbance A, analyte 
molar absorptivity £, and flow-cell length L,. by Beer’s law: 


A = Cely (3.2) 
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200 nm 0.005 AU 


6 8 


time {min} ———> 


4 


(a) 


(b) 


FIGURE 3.1 Detection sensitivity as a function of detection conditions: separation 


of aged n-butanol sample by reversed-phase HPLC. Conditions: 15 X 0.46-cm, 7-~m 
Cs column; mobile phase, 25% acetonitrile-1 mM phosphoric acid; 2.0 mL/min; ambi- 
ent; UV detection. (a) detection at 200 nm; (b) detection at 184 nm. (Reprinted with 


permission from Ref. 1.) 


A general goal in selecting experimental conditions that affect detection is to 


maximize the signal S (equal to A at peak maximum) of sample components 


of interest. 
Variable-wavelength detectors also include a means of selecting the wave- 


length used cti 2-5 m). This wavelength selection i ieve 
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-— Riboflavin 
£ 
ò 5 0 5 
(a) (6) 


FIGURE 3.2 Detection selectivity as a function of detection conditions: separa- 
tion of riboflavin in dog-food extract by cation-exchange HPLC. Conditions: 100 x 


0.21-cm Zipax SCX column; mobile phase, water; 1.0 mL/min; ambient temperature. 
(a) UV detection at 365 nm: (b) fluorescence detection, excitation at 365 nm, emission 
at 530 nm. (Reprinted with permission of DuPont Instrument Products Division.) 


Rise Time = t sec Rise Time = 5 sec 


4 no = 


Rise Time = 0.1 sec [nee G Mi N = 


FIGURE 3.3 Signal/noise (S/N’ ) ratio: Noise as a function of detection conditions; 
rise time varies as shown from 0.1 to 5 s. (Reprinted with permission from Ref. 2.) 
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with a diffraction grating as illustrated in Fig. 3.4b. Light from the lamp enters 


the grating assembly through an entrance slit and is focused on the grating 
by mirror A. The orientation of the grating can be varied so as to direct 
mirror B, and 


from there to the exit slit. For variable-wavelength detectors, the grating 
assembly is positioned between the lamp and the flow cell. Diode-array detec- 
tors (DADs) (Section 3.2.6) have the grating assembly positioned after the 
flow cell, so that light of different wavelengths can be measured (and results 
stored) simultaneously with an array of sensing diodes. 


3.2.2 Choice of Wavelength 


For many e good analytical results will be obtained only by careful 


ee of the UV apectia of individual aor components, If analyte standards 
are available, their uy porai an = measured a to HELG method 


of UV spectra ‘toh all Apie components duine merhod RE A 
significant amount of additional information is available through the routine 


use of a DAD in HPLC. 


3.2.2.1 Sample Absorbance as a Function of Molecular Structure. The 
wavelength chosen for UV detection must provide acceptable absorbance by 
the various analytes in the sample, combined with acceptable light transmit- 
tance by the mobile phase. For some samples it may also be important to 
select a wavelength at which sample interferences have minimal absorption. 


Figure-3.5, which shows the UV absorption spectra of dilute solutions of 
two compounds [amitryptiline (AMI) and imiprimine (IMI)], can be used to 
illustrate some of the considerations involved in the selection of a detection 


and maximum detection sensi- 
tivity is needed, detection at 210 nm might be a good choice. Here each 
compound exhibits near-maximum absorbance, and several different solvents 


and mobile-phase additives can also be used at this wavelength (Section 
3.2.2.2). If sample interferences (e.g., near fo) complicate the separation and 
quantitation of these two compounds, 240 to 250 nm might be a better choice 


of wavelength. Most interferences will absorb much less above 240 nm, com- 
pared to detection at 210 nm. If IMI is the analyte and AMI an interferent 
(and if trace analysis is not involved), 290 to 300-nm detection might be 
preferred, since in this wavelength region only IMI has appreciable ab- 


sorbance. 
The detector signal A is proportional to the molar absorptivity e of the 
compound of interest (Eq. 3.2). For UV detection to provide adequate sensitiv- 


ity for the analysis of major sample components, e must be greater than 10 
at some wavelength above 185 nm. This will be the case for most compounds 
of interest. For trace analysis, on the other hand, values of e above 1000 are 
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Sample cell 
Air 
Outlet reference 


— Me 
Analytical | i Reference 


phototube (7) Inlet Lamp phototube (Z) 


(a) 


Diffraction 
grating 


Entrance 
slit 


(b) 


FIGURE 3.4 UV detectors: (a) schematic; (b) grating assembly. See the text for 
details. (Reprinted with permission from Ref. 3.) 
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FIGURE 3.5 UV spectra for two tricyclic antidepressant compounds, amitryptiline 
(AMI) and imiprimine (IMI). (Reprinted with permission from Ref. 2.) 


usually required. The trace analysis of compounds withe below 100 is usually 


not possible with UV detection. 
The only organic compounds for which UV detection is completely unsuit- 


able are saturated hydrocarbons and their amino or nitrile derivatives. Satu- 
rated hydrocarbons substituted by ether (—O—), hydroxy (—OH), chloro 
(—Cl), carboxy (—COOH), or ester (— COOR) groups have marginal absorp- 


tivity (e < 100) and may require detection at low UV values (185 to 210 nm). 
Figure 3.6 illustrates the variation of e with wavelength for some representative 
compounds of this type. When the detection wavelength is less than 210 nm, 
sample interferences generally absorb strongly and the choice of mobile-phase 


solvents and additives is somewhat restricted. Wavelengths of < 200 nm are 
available with many UV detectors, but detection in this region is less rugged 
and convenient [1]. 


Compound types other than those mentioned above generally have larger 
values of e and can be detected at higher wavelengths (> 210 nm). Wavelength 
maxima and molar absorptivities e for various functional groups are summa- 


66 DETECTION SENSITIVITY AND SELECTIVITY 


10,000 
a ee m Nitropropane 


4 


1000 


Ethyl acetoacetate 


Ethyl acetate 
Butyl acetate 


Dioxane 
MIBK 


10 1.2 dichloro 


ethane 
MEK 
PEG 200 
[n = 4] 
Butanol 


180 184 188 192 196 200 


t—_\{nm} —— 


FIGURE 3.6 UV spectra of compounds that absorb only at low wavelengths. (Re- 
printed with permission from Ref. 1.) 


rized in Table 3.1. Aromatic compounds usually have e values above 1000 at 


wavelengths above 210 nm. 


2.2 _Mobile-Phase Absorbance as a Function of Compositi The mo- 


bile phase (without sample) must transmit sufficiently at the wavelength used 
for detection. As the light intensity reaching the detector phototube (Fig. 3.4) 
decreases, baseline noise increases and detection sensitivity may be reduced. 
One study indicates that baseline noise will increase significantly when 


A > 0.7 for the mobile phase [5]. This result suggests that mobile-phase 
absorbance should usually be less than 0.5 at the wavelength used for detection. 
When the absorbance A of the mobile phase exceeds a value of about 1.0, 


the detector may become unusable. 
Table 3.2 summarizes absorbance vs. wavelength for a number of solvents 
and additives used in reversed-phase HPLC. Water is effectively nonabsorbing 
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TABLE 3.1 Representative Molar Absorptivity Values for Some Common 


Functional Groups 


Compound Type Chromophore Wavelength (nm) Molar Absorptivity 
Acetylide =C=C> 175-180 6,000 
Aldehyde —CHO 210 1,500 
280-300 11-18 
Amine —NH, 195 — 
Azido C=N 190 5,000 
Azo —N=N 285-400 3-25 
Bisulfide ~S-—S 194 5,500 
255 400 
Bromide —Br 280 300 
Carboxyl —COOH 200-210 50-70 
Ester —COOR 205 50 
Ether -O- 185 1,000 
Iodide —I— 260 400 
Ketone C=0 195 1,000 
270--285 15-30 
Nitrate —ONO, 270 12 
Nitrile —C=N 160 — 
Nitrite =0ONO 220-230 1,000-2,000 
300-400 10 
Nitro —NO, 210 Strong 
Nitrose -N= 302 100 
Oxime —NOH 190 5,000 
Sulfone —SO, 180 — 
Sulfoxide S=0 210 1,500 
Thioether ~S—0O 194 4,600 
215 1,600 
Thioketone C=S 205 Strong 
Thiol —SH 195 1,400 
Unsaturation —(C=C)s— 260 35,000 
Conjugated —(C=C),— 300 52,000 
—(C=C)s— 330 118,000 
Aliphatic =C=C— 190 8,000 
—(C=C)}— 210-230 21,000 
Alicyclic —(C=Ch}— 230-260 3,000-8,000 
Miscellaneous C=C=C=C 291 6,500 
compounds C=C—-C=N 220 23,000 
C=C=C=0 210-250 10,000-—20,000 
300-350 Weak 
C=C-—NO, 229 9,500 
Benzene CoH, 184 46,700 
202 6,900 
255 170 
Dipheny] Ci2Hi0 246 20,000 


Source: Ref. 1, with permission. 


200 205 210 215 220 230 240 250 260 280 
Soivents 
Methanol 2.06 +00 0:53 0:37 0:24 QH 0:05 0:02 <0-0t f 
Degassed 1.91 0.76 0.35 0.21 0.15 0.06 0.02 <0.01 i 
Isopropanol 1.80 0.68 0.34 0.24 0.19 0.08 0.04 0.03 0.02 0.02 
Tetrahydrofuran 
Fresh 2.44 2.57 2.31 1.80 1.54 0.94 0.42 0.21 0.09 0.05 
Old >2.5 >2.5 >2.5 >25 >25 >25 >25 >2.5 2.5 145 
Acids and Bases 
Acetic acid, 1% 2.61 2.63 2.61 2.43 2.17 0.87 0.14 0.01 <0.01 
Hydrochloric acid, 
6 mM (0.02%) 0.11 0.02 <0.01 
Phosphoric acid, 0.1% <0.01 
Trifluoroacetic acid 
0.1% in water 1.20 0.78 0.54 0.34 0.20 0.06 0.02 <0.01 
Ammonium-_phosphate, 
Triethylamine, 1% 2.33 2.42 2.50 2.45 2.37 1.96 0.50 0.12 0.04 <0.01 
Buffers and Salts 
Ammonium acetate, 
Ammonium bicarbonate, 
10 mM U4T 0.10 00r <0.01 
EDTA : 
(ethylenediaminetetraacetic 
acid), disodium, 1 mM 0.11 0.07 0.06 0.04 0.03 0.03 0.02 0.02 0.02 0.02 
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HEPES [N-(2- 2.45 
hydroxyethy!l)piperazine-N’' -2- 
ethanesulfonic acid], 
10 mM pH 7.6 
MES [2-(N- 2.42 
morpholino)ethanesulfonic 
acid], 10 mM, pH 6.0 
Potassium phosphate 


Monobasic, 10 mM 0.03 
Dibasic, 10 mM 0.53 
Sodium acetate, 10 mM 1.85 
Sodium chloride, 1 M 2.00 
Sodium citrate, 10 mM 2.48 
Sodium formate, 10 mM 1.00 
Sodium phosphate, 1.99 
100 mM, pH 6.8 
Tris—hydrochloric acid, 20 mM 
pH 7.0 1.40 
pH 8.0 1.80 
Detergents 
Brij 35 (23 lauryl 0.06 
ether), 1% 
CHAPS (3-(3- 2.40 


cholamidopropyl)dimethylam- 
monio}-1-propanesulfonate), 0.1% 


SDS (sodium dodecyl 0.02 
sulfate), 0.1% 

Triton X-100 2.48 
(octoxynol), 0.1% 

Tween 20 0.21 


(polyoxyethylenesoritan 
monolaurate), 0.1% 


2.50 


2.38 


2.37 


1.89 


2.08 


0.90 


0.01 
0.30 
0.10 
2.02 
0.33 
0.06 


0.10 


0.43 


0.02 


0.80 


2.42 


0.10 


1.50 


0.45 


<0.01 
0.15 
<0.01 
1.49 
0.20 
0.02 


0.04 


0.13 


0.02 


0.40 


2.37 


0.09 


0.29 


0.06 


0.03 
0.54 


0.03 
0.01 


<0.01 


<0.01 


0.01 


0.08 


2.37 


0.06 


0.03 


<0.01 


<0.01 
0.12 


<0.01 
0.01 


<0.01 


0.04 


0.50 


0.05 


<0.01 


0.03 


0.01 


0.02 


0.25 


0.04 


0.02 


0.01 


0.02 


0.67 


0.04 


0.01 


<0.01 


0.01 


1.42 


0.03 


Source: Ref. 5, with permission. 
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TABLE 3.3 Useful Solvent Mixtures with Low 


Background Absorbances (< 0.5 AU) at = 200 nm 


Aqueous mobile-phase mixtures 
0-26% methanol—water 


0-28% isopropanol 
0-20% THF 
0-100% acetonitrile—water 
ACN-water with additives 
0.2% acetic acid 
0.4% trifluoroacetic acid 
250 mM NaCl 
> 25 mM potassium (or sodium) phosphate (pH < 5) 
25 mM sodium (or potassium) phosphate (pH 6.8) 


above 180 nm, so this mobile-phase component can be ignored. Next, consider 


the solvents -and_additives that might be used with detection at 200 nm 
(A < 0.5). Table 3.3 illustrates typical mixtures of solvent and water (no addi- 
tives) where UV detection at 200 nm or higher can be used. For acetonitrile- 


water mixtures, detection at 200 nm or higher is possible with up to the 
designated concentrations of additives listed in Table 3.3. Detection in the 
region 185 to 200 nm is more restrictive. At 190 nm, HPLC-grade acetonitrile 
has A = 1.0, so that its maximum concentration in the mobile phase is 50%. 
The only additives that are practical below 200 nm in concentrations above 
1 mM are phosphoric acid and aliphatic amines. 

Normal- eae eens aos II of napia $) uses 5 solvents that 


is usually ured. Table 3. 4 summarizes absorbance ae ae some useful 
solvents at different wavelengths. Note that the solvents and additives of 


TABLE 3.4 UV Absorbance of Normal-Phase Solvents as a Function 


of Wavelength 
Absorbance (A) at Wavelength (nm) Indicated 


Solvent 200 210 220 230 240 250 260 


Ethyl acetate >1.0 >1.0 >1.0 >1.0 >1.0 >1.0 0.10 
Ethyl ether >1.0 >1.0 0.46 0.27 0.18 0.10 0.05 
Hexane 0.54 0.20 0.07 0.03 0.02 0.01 0.00 
Methylene chloride >1.0 >10 >1.0 14 0.09 0.00 0.00 
Methyl-t-butyl ether >1.0 0.69 0.54 0.45 0.26 0.11 0.05 
n-Propanol >1.0 0.65 0.35 0.15 0.07 0.03 0.01 
i-Propanol >r0 0.44 0.20 0.11 0.05 0.03 0.02 
Tetrahydrofuran >1.0 >1.0 0.70 0.50 0.30 0.16 0.09 


Source: Ref. 6. 
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Tables 3.2 to 3.4 may contain UV-absorbing impurities or develop absorption 


as a result of degradation when exposed to light and air. Therefore, the 
absorbance values in Tables 3.2 to 3.4 may represent maximum absorbances 


for HPLC-grade solvents. If the solvent absorbance is significantly greater 


than in Tables 3.2 to 3.4, the material is probably contaminated. Note that 
the values for triethylamine in Table 3.2 are for an impure sample; however, 
even fresh samples of some aliphatic amines may absorb significantly at 
220 nm or below. 


3.2.3 Signal, Noise, and Assay Precision 


Precise results are of prime importance when carrying out quantitative analysis 
by HPLC (Chapter 14). Detection affects assay precision via the signal/noise 


(S/N’) ratio. Signal ($S) refers to the baseline-corrected absorbance of the 
analyte peak, and noise (N’) refers to the width of the baseline as illustrated 
in Fig. 3.3. Baseline noise usually has two components: a short-term (high- 


frequency) contribution from stray light and the detector electronics, and a 
long-term contribution from temperature fluctuations, pump “noise,” and/or 
a dirty column. In Fig. 3.3 high-frequency noise is more important for a rise 


time (detector time constant) of 0.1 s, and long-term noise is more important 
for a rise time of 5 s. 

A rough estimate of assay precision as a function of S/N’ is possible. The 
baseline width N’ can be approximated by a Gaussian distribution of width 
4o. Therefore, a single-point measurement of baseline absorbance on each 
side of the peak has an uncertainty or standard deviation g; = N’/4. The 
measurement of peak height then is the result of three measurements (one 


on each side of the peak plus the peak maximum), so the uncertainty of the 
resulting peak height measurement (1 SD) is roughly (3!”)o, = N’/2. The 
coefficient of variation (CV) due to low values of S/N’ is then 


cv ~ 100 82 


S 
~ 50 Ce 
S/N’ 


For example, in the example of Fig. 3.3 (rise time = 0.1 s), S/N’ = 4.2, and 
the estimated maximum precision of peak-height measurement would be 50/ 
4.2 = +12%. 


If assay precision is affected by noise (small S/N’ values), the imprecision 
(CV) should increase for smaller peak absorbance values (S) or smaller con- 
centrations of the analyte. This effect is often observed, as illustrated by the 


data of Fig. 3.7. Here assay precision (CV) is plotted vs. peak absorbance 
(for varying analyte concentrations) for the assay of seven different tricyclic 
antidepressants in serum. At higher sample concentrations (higher absorbance 
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-001 A 01 


FIGURE 3.7 Dependence of assay precision on analyte concentration and S/N’ ratio. 
Data points refer to different concentrations (6 to 360 ng/mL) of seven tricyclic antidepres- 


sant analytes separated by the same HPLC procedure. The coefficient of variation (CV) 
is plotted vs. peak height (absorbance). (Reprinted with permission from Ref. 7.) 


or larger S/N’ ratio at constant N’), precision is no longer affected by S/N’ 
ratio and becomes constant (CV ~ 6%) in Fig. 3.7. At lower concentrations, 
the CV increases as analyte concentration decreases. Thus the dependence 
of the assay CV on analyte concentration can be used to determine whether 
an increase in S/N’ ratio will yield greater precision. If the CV does not change 
with concentration, an increase in S/N' ratio will have no effect on precision. 


Conversely, if the CV increases as sample concentration decreases, an increase 
in S/N’ ratio will lead to better assay precision. 


Estimates of assay imprecision by means of Eq. 3.3 are probably conserva- 


tive in most cases, because data systems often use averaging and smoothing 
techniques to minimize the effect of noise on precision. Equation 3.3 is useful, 


however,_in_obtaining a rough estimate_of the maximum _impact_of noise-on 


assay precision. With this caveat, an equation can be derived (from Eqs. 
3.2, 3.3, and 3.6) which relates the minimum quantifiable mass or sample 


. i rondt an 


1.25 X 105MV,, (1 + k)N’ 


(CV)N'?L ne Pe) 


minimum mass (ug) = 


Here M is the analyte molecular weight [Daltons (Da)], Vm the column dead 
volume (mL), N’ the baseline noise (in units of A), CV the desired precision 


(%), N the plate number, Lẹ the optical pathlength of the flow cell (cm), and 
e the analyte molar absorptivity. The minimum analyte concentration (ug/ 
mL) can also be calculated: 
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i ass minimum mass (ug) (3.5) 


sample volume (mL) 


determined rom these calculations: asa iedit of ohna by the data system. 


3.2.4 Maximizing Signal/Noise Ratio for Better Assay Precision 


When assay precision varies with analyte concentration, better precision can 
be obtained by increasing the S/N’ ratio. This can be achieved by either an 
increase in signal S or a decrease in noise N'. A maximum signal can be 
achieved by selecting the wavelength that gives maximum absorbance (e.g., 
= 210 nm for AMI in Fig. 3.5). Since noise does not vary much with wave- 


lengths above 200 nm, the wavelength maximum also corresponds to maximum 
S/N’ ratio. For wavelengths below 200 nm, noise increases rapidly (especially 
for detector lamps that have aged), and then the wavelength maximum may 


not be the same as the wavelength for maximum S/N’ value. 
An increase in signal S can also be achieved (Eq. 3.2) either by an increase 
in analyte concentration in the flow cell or an increase in flow-cell pathlength 


(provided that there is no significant increase in peak volume to cause extra- 
column band-broadening, see Section 2.3.3.3). The concentration C in the 
flow cell is given [8] by 


0.4CyV,(N)°5 


COT Tb 


(3.6) 


In summary, the signal S can be increased in the following ways: 


- Increase in the analyte concentration Co 
: Increase in the injected sample volume V, 
: Increase in column efficiency N 


- Decrease in the column volume Vm 
- Decrease in analyte retention k 


However, some of these means of increasing C and S can be counterproduc- 
tive if carried to extremes. Thus, too large a sample volume may lead to 
peak broadening, with loss of resolution and a resultant peak sensitivity that 


value (Table 2-4). Similarly, a column that has a very 
small volume (short or narrow diameter) or small particles (< 5 um) can lead 
to peaks that are so narrow that extra-column effects lead to losses in sensitivity 


and sample resolution (Sections 2.3.3.3, 5.2.2). Also, when k < 1, baseline 
disturbances or sample interferences near tọ may more than offset any increase 
in C and S predicted by Eq. 3.6. 
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Noise may be reduced in several ways, depending on whether high- 
frequency or long-term noise is most prevalent. The effect of both kinds of 
noise on precision also depends on the data-handling and integration parame- 


ters chosen for a particular assay. High-frequency noise can be removed by 
increasing the detector time constant 7 or rise time (rise time ~ 27), as illus- 
trated in Fig. 3.3. At the same time, increasing 7 can eventually result in peak 
broadening and tailing, with a resulting loss in signal. Further information 
derived from data such as in Fig. 3.3 is instructive. As shown in Table 3.5, as 
7 increases from 0.1 to 1.0 s, noise decreases almost fourfold, and the peak 
height is unchanged. That is, the high-frequency noise is much reduced but 
peak width is unaffected. Increasing 7 to 4 s reduces the noise further, from 
3 X 1075 to 2 X 10°° A. The signal (either height or area) is also decreased 
by 6%, due to peak broadening as a result of the larger time constant. However, 
the S/N’ ratio increases further, to a maximum value of 21.5 fora7of2.0-s, 


Continued increase in 7 results in a decrease in signal but not in noise, so that 
the S/N’ ratio then decreases (as does sample resolution). 


For the example above, the optimum value of ris 2.0's. In-other-cases, the 


optimum value of rise time will depend on the initial peak width and the 
relative importance of high-frequency vs. long-term noise. The optimum rise 


time or time constant also depends on whether peak height or area is used 
for quantitation. Peak heights are preferred for trace analysis (Section 14.5.4). 

Because noise increases as light intensity falls off, an increase in high- 
frequency noise can be expected as the detector lamp ages. A doubling of 
the noise was noted in one study when the lamp energy dropped to 15% of 
its original value [5]. Assay precision is degraded significantly by detector 
noise, which can increase with lamp age. Therefore, the precision of a method 


can-vary with time for the same detector or when different detectors are_used. 
Pump pulsations can contribute to long-term noise. Baseline noise of this 
type is characterized by a regular rise and fall of the baseline, which parallels 


the cycle time-of the pump. Some_pumps-are-much more prone than others 
to pulsation noise, but the use of pulse dampers can markedly reduce the 
effect of pump pulsation. When on-line blending is used to prepare the mobile 


phase and the absorbances of the two (or more) solvents being mixed are 
different, the mobile phase leaving the pump may show oscillations in absor- 


TABLE 3.5 Effect of Rise Time on Detection Sensitivity’ 


Signal (Peak Height) Noise S/N’ 
Rise Time 7 (s) (10-5 A) (10-5 A) Ratio 
0.1 46 11.0 4.2 

1.0 46 3.0 15.3 

2.0 43 2.0 21.5 

4.0 39 2.0 19.5 

5.0 38 2.0 19.0 


“Same system as in Fig. 3.3. 
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bance. The result is a repeating up-and-down movement of the baseline similar 


to that observed from pump pulsations but with a different pump cycle time. 
This absorbance-related noise can be eliminated by adding a nonretained, 
UV-absorbing compound to one of the two solvents being mixed on-line to 


equalize their absorbances. See the similar discussion in Section 8.5.3 for 
drifting baselines in gradient elution. 

Still another kind of long-term noise results from contamination of the 
column by prior sample injections. Such samples may contain compounds that 
leave the column at a later time; over time, several such late eluters (from 
different prior samples) may overlap to produce an irregular baseline. This 
effect is illustrated in Fig. 3.8 for the analysis of a pharmaceutical drug in 
plasma. Figure 3.8a shows the chromatogram for the initial sample injection. 
In this case, the run time (for elution of EP, the compound of interest) is 
about 15 min. However, late eluters continue to leave the column and appear 


in subsequent chromatograms as a noisy baseline. Baseline noise of this kind 
is fairly common when “dirty” samples are analyzed (e.g., samples of biological 


origin, environmental samples such as water or soil extracts, organic reaction 


Time (minutes) 


(b) 


FIGURE 3.8 Effect of late eluters on long-term baseline noise. Isocratic reversed- 
phase analysis of plasma extract for drug EP. (a) Separation without column switching; 
(b) separation with column switching. (Reprinted with permission from Ref. 9.) 


76 DETECTION SENSITIVITY AND SELECTIVITY 


mixtures, etc.). Noise due to late eluters can be reduced in several ways: 


sample cleanup prior to HPLC (Chapter 4), column cleanup with a strong 
solvent (Chapter 5), use of guard columns (Chapter 5), gradient elution (Chap- 


ter 8), or column switching (Section 4.6). Figure 3.8b shows the ability of 


column switching to eliminate bands that elute after 25 min in the separation 
of Fig. 3.8a. Sample pretreatment can also enhance detection by removing 
sample interferences and/or concentrating the analyte (Sections 4.5 and 4.6). 
Table 3.6 summarizes a systematic approach for maximizing detection sensitiv- 
ity (S/N’ ratio). 


3.2.5 Detector Linearity 


Under ideal conditions, the relationship in Eq. 3.2 will be obeyed over a wide 


range of absorbance values, typically for values of A up to at least 1.0. Assum- 
ing a minimum noise of 2 X 1075 A and a minimum quantifiable signal 


(CV = 20%, S/N’ = 2.5 from Eq. 3.3), a dynamic range of about 2 x 10° is 
therefore available. A wide dynamic range is one of many reasons for the 
popularity of UV detectors. 


Detection_linearity_-can_be-somewhat-compromised_if measurements—are 


made on the side of a steep absorption band (e.g., at 220 nm for AMI in Fig. 
3.5). When several analytes having different UV spectra are present in a 
sample, it may not be possible to detect each compound at a wavelength 
maximum. However, this is not often a practical problem, as linearity is usually 
observed for A < 0.1 even when measurements are made on the side of 
absorption bands. 


TABLE 3.6 Systematic Approach for Maximizing UV Detection 


Sensitivity (S/N’)° 
1. Select wavelength for maximum e (S). 


2-Inject largest possible sample volume (S). 


3. Concentrate sample for increase in mass injected (S). 
4. Reduce k to minimum possible (but no baseline upset or interference peaks) 


(S). 


Un 


. Consider alternative (non-UV) detector if Eq. 3.4 indicates UV detection 
unlikely to be acceptable (S). 

. Increase detector time constant (N’). 

. Ensure that aged lamp is replaced with newer lamp (S, N’). 


. Match UV absorbance of A and B solvents if on-line mixing is used (N'). 
. Minimize late eluters with sample cleanup, gradient elution, or column switching 


6 
7 
8.-Use pulse damper to eliminate pump noise if necessary (N°) 
9 
0 


N} 


#(S) and (N’) for each operation indicates an effect on signal or noise, respectively. 
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3.2.6 Diode-Array UV Detectors 


As indicated in the discussion of Fig. 3.4, diode-array detectors (DADs) allow 


simultaneous collection of A SA at different HS durme a 


single run 
(usually bae 190 and 400 Am) can w displayed. DADs fierefore pro- 
vide more information on sample composition than is provided by a single- 
wavelength run. The UV spectrum of each separated peak is also obtained 
as an important tool for selecting an optimum wavelength for the final HPLC 
method. Finally, by examining the UV spectrum for a peak from beginning 
to end, peak purity can be evaluated. If a single component is present in the 
peak, the UV spectra obtained across the peak should be superimposable 
(however, this is not a proof of peak purity; see below). 

After the initial stages of method development when most of the peaks in 


the chromatogram are at least partially resolved (R, > 1.0), spectra can 


be collected for each peak with a DAD. The selection of an optimum wave- 
length can then proceed as for the discussion of Fig. 3.5 (assuming that analyte 


standards or their UV spectra were not available initially). Peak identification 
and peak purity can also be carried out at this stage in method development. 
Figure 3.9a illustrates peak identification via the comparison of the UV spec- 


trum for a standard with a sample peak that elutes at the same retention time. 
By overlapping these two spectra, it is apparent that they are identical and 
the two bands are therefore presumed to comprise the same compound. Peak 
purity is best evaluated by similarly comparing spectra obtained at the begin- 
ning, middle, and end of the band, as illustrated in Fig. 3.9b. In this case it 
appears that an impurity overlaps the front of the sample peak, since the 


Acquisition via peak detection Timed interval acquisition (0.01 min) 


Absorbance units 


Absorbance units 


190 230 270 310 360 390 190 230 270 310 360 


Wavelength (nm) Wavelength (nm) 
(a) (b) 


FIGURE 3.9 Use of spectra from diode-array detection to (a) confirm peak identity 
or (b) test for peak purity. (Reprinted with permission from Ref. 2.) 
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at 8.21 and 8.31 min. 
Peak purity can be evaluated further in terms of ratiograms. These are 
plots-of the ratio_of_absorbances_collected_at_two_different_wavelengths, as 


illustrated in Fig. 3.10. The pure peak in this example is naphthalene, which 
has greater absorbance at 280 nm than at 254 nm. Its ratiogram (shown below 
the chromatogram) is rectangular, because the absorbance ratio (less than 1) 
is constant across this pure peak. The peak with a shoulder consists of naphtha- 
lene plus 8% of biphenyl as impurity. Biphenyl has greater absorbance at 254 
vs. 280 nm (positive ratiogram, the opposite of naphthalene), so that the 
second ratiogram changes from negative to positive during the transition from 
pure naphthalene to mainly biphenyl. Tests for peak purity as in Figs. 3.9 and 
3.10 are equivocal, because sample components are often chemically related 
and have the same-or similar UV spectra _(e.g., impurities, degradation prod- 


ucts, homologs and oligomers, or metabolities). If the DAD is to confirm the 
presence of an overlapping peak successfully, the UV spectra of the two peaks 


must differ-significantly, the relative concentration of-one of the two peaks 
must fall within about 5 to 95% of the other, and the resolution of the two 


Chromatogram 


Ratio (254 nm, 280 nm) 


FIGURE 3.10 Use of ratiograms with diode-array detection as a test of peak purity. 


Ratiograms appear under each chromatogram. Peak identification: 1, naphthalene 
(440 ng); 2, biphenyl (40 ng). Conditions: 10 x 0.32-cm RP-18 column; 95% acetonitrile- 


water; 1.0 mL/min; 254-nm detection in chromatograms. (Reprinted with permission 
from Ref. 2.) 
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peaks must be greater than 0.3. It must be emphasized that use of a DAD 


alone is by no means conclusive in establishing peak purity. Peak collection, 
followed by other qualitative analysis techniques, such as infrared (IR), nuclear 
magnetic resonance (NMR), mass spectroscopy, and so on, are often used to 


increase assurance of peak purity. Another way to test peak purity is to 
separate the sample by an alternative method, for example, reversed-phase 
HPLC followed by normal-phase HPLC. 

Once a preferred wavelength has been selected on the basis of UV spectra 
for various sample peaks, the DAD can be used to examine chromatograms 
at different wavelengths so as to confirm the advantage of the wavelength 
chosen. This technique is illustrated in Fig. 3.11 for the separation of a peptide 
sample at 215 and 280 nm. In this case, 215 nm is obviously preferred for the 
detection of all the peptides in the sample. It is known that peptides that 


contain aromatic amino acids-absorb appreciably at 280 nm, whereas other 


peptides do not. This effect allows a provisional characterization of the pep- 
tides seen at 280 nm in terms of aromatic amino acid content. 


The use of a DAD is also important for peak tracking or the matching of 


peaks that contain the same compound between different experimental runs 
during method development. See Section 10.7 for further details. 


08 
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FIGURE 3.11 Display of a single chromatogram at different wavelengths using diode- 
array detection; peptide sample, acetonitrile-water gradient. (Reprinted with permis- 
sion from Ref. 2.) 
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3.3 OTHER HPLC DETECTORS 


Occasionally, a UV detector may prove unsuitable because the analyte(s) of 


interest have no UV absorptivity. More often, the analyte(s) has only_a small 


absorptivity (e < 100), the mobile phase may not allow low-UV detection, 
and/or the analyte concentration is relatively low, so that the required S/N’ 
ratio cannot readily be achieved using UV detection. Before giving up on the 
use of a UV detector, Eq. 3.4 should be used to confirm that UV detection 
is inapplicable. If UV detection appears unpromising, other HPLC detectors 
can be considered. 


3.3.1 Universal Detection 
Apart from the lack of sensitivity for some compounds, UV detection is further 


compromised by possible large differences in e (100- to 1000-fold) for different 
sample components. Thus, in the case of samples of unknown composition 


(where calibration standards do not exist, at least initially), peak sizeis often 


a poor indication of relative peak concentration. For example, regulatory 
agencies may require that raw materials prior to formulation into final products 


be characterized in terms of all impurities present in amounts greater than 
0.1% w/w. However, the initial chromatogram with UV detection cannot be 
used to identify peaks whose concentrations exceed 0.1%, because of uncer- 
tainty as to the values of € for each peak. Some impurities with very low 
values of s may not even be detected, while other impurities present in low 
concentration may give disproportionately large peaks. 

So-called universal detectors give a response for almost all sample compo- 


nents, including those with poor UV sensitivity. Also, the detector signal 
usually varies much less among different sample components than for the case 
of UV detection. Universal detectors are used primarily in two applications: 


(1) for samples with very low values of €, and (2) to provide a more representa- 
tive analysis for unknown samples by means of area normalization. The latter 
assumes that area percent values will more closely match percent w/w values 


when analyte standards are unavailable for calibration. Universal detectors 
can also be used with mobile phases that absorb strongly in the ultraviolet. 
The oldest and most widely used detector of this kind is the refractive index 


(RI) detector. Since the refractive index is a physical property of all compounds, 
any compound can be detected (in theory) at least at moderate levels. How- 
ever, because mobile-phase components, including solvents and additives, will 
also show significant refractive index response, gradient elution using RI 


detectors is impractical. In addition, other factors, such as a need for stringent 
temperature control, the effects of dissolved gases in the mobile phase, and 
a lack of sensitivity for trace analysis, limit the use of the RI detector for 


many routine applications. 
A second type of universal detector is the evaporative light-scattering (ELS) 
detector. A schematic of an ELS detector is shown in Fig. 3.12. The effluent 
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FIGURE 3.12 Schematic of an evaporative light-scattering (ELS) detector. (Re- 
printed with permission from Ref. 10.) 


from the column is nebulized and evaporated as it passes through the drift 
tube, and particles of analyte are detected as they pass through the light- 
scattering cell. Therefore, the use of ELS detectors is restricted to nonvolatile 


analytes and volatile mobile phases. However, because of the ability to use 
an ELS with gradient elution, it is being used more frequently in these methods, 
especially for impurity analyses. 


Each of these two detectors has a similar sensitivity for typical samples, 
allowing the analysis of compounds present in the range of 0.1 ug/mL and 


higher (this detection sensitivity is about two orders of magnitude poorer than 


UV detection for compounds with a good chromophore). Table 3.7 summarizes 
some other features of these two detectors. RI detectors are discussed further 


in Ref. 11, and ELS detectors are reviewed in Ref. 10. 


3.3.2 Fluorescence Detection 


Detection based on analyte fluorescence (FL) can be exquisitely sensitive and 


selective, making it ideal for trace analysis and complex sample matrices. FL 
detection is typically three orders of magnitude more sensitive than UV. 
HPLC procedures with FL detection are used routinely for assays in the low 


ng/mL range, and concentrations of low pg/mL often can be measured. The 
linearity range for these detectors is potentially similar to that of UV detectors 


(e.g., 10° to 10%). 
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TABLE 3.7—Characteristics-of Universal HPLC Detectors 


Characteristic RI Detector ELS Detector 

Use_with gradient elution? No Yes 

Use on-line mixing for isocratic separation? No Yes 

Use with volatile samples? Yes No 

Use with nonvolatile buffers or additives? Yes No 

Effect of mobile-phase contamination? Serious Minimal 

Adversely affected by changes in mobile- Yes No 
phase temperature 

Negative analyte peaks possible? Yes No 

Magnitude of baseline upset at to Large Small 

Detector linearity? Yes No 

Special venting required? No Yes 

Convenient operation? No Yes 


A parallel benefit of FL vs. UV detection is its ability to discriminate 
analyte from interference or background peaks. This is illustrated in Fig. 3.2 


for the analysis of riboflavin in a complex sample matrix using detection 
by UV [part (a)] vs. FL [part (b)]. Since few analytes possess natural FL, 
derivatization with a reagent that possesses a fluorophore (Section 4.7) must 
usually precede use of this detector. Among the functional groups or sample 
types for which such reagents are available are carboxylic acids, alcohols, 
aldehydes, amines, peptides, ketones, phenols and thiols. References 12 and 
13 provide examples of such reagents and procedures for their use in HPLC 


with FL detection. See also Section 4.7. 
Figure 3.13 shows a schematic for a typical FL detector. Light from the 
lamp passes through an excitation filter, which provides essentially monochro- 


matic light of the desired wavelength for excitation of sample molecules. This 
exciting light passes through the column effluent in the flow cell, causing 
sample molecules to fluoresce (emit) at a higher wavelength than that used 


for excitation. A second (emission) filter is positioned so as to collect light at 
90° to the original direction of excitation. In this way, only light that results 


from sample FL passes on to the photomultiplier tube for quantitation of the 


emission signal. 

Three general detector designs similar to that of Fig. 3.13 are available: 
filter—filter (as in Fig. 3.13), grating—filter, and grating—grating. Gratings allow 
a choice of any desired wavelength, whereas filters are limited to a single 


wavelength (unless the filter is changed). Grating—grating fluorimeters permit 
selection of any excitation or emission wavelength; therefore, they are conve- 


nient for method development. Filter—filter instruments, on the other hand, 


are simpler and easier to use, are cheaper and more sensitive, and are better 
suited for transferring an HPLC method between different laboratories. 
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EXCITATION 
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FIGURE 3.13 Schematic of a filter-filter fluorescence detector. (Reprinted with per- 
mission from Ref. 12.) 


Therefore, filter—filter detectors are more useful for routine application. In 
addition to these differences in grating vs. filter instruments, FL detectors 


have many other features that can differ in major ways from one instrument 
to another: design of the flow cell and how excited light is collected, the choice 
of lamps used for excitation (deuterium, xenon, xenon-mercury, etc.), and 
single- vs. dual-beam designs. These many individual features lead to major 


E; ; FEdetec- 
tor models and difficulties in transferring methods among different instru- 
ments. 


Differences in detector design can cause problems in transferring an HPLC 
method from one laboratory to another. A further complication in the use of 


84 DETECTION SENSITIVITY AND SELECTIVITY 


FL detectors, especially during method development, is that the FL signal 
and optimum wavelengths for excitation and emission can be strongly depen- 
dent on separation conditions: temperature, solvent polarity and viscosity, 


pH, and-so on. This-means_that 
a compromise between good separation and good detection. The need for 
this compromise can complicate HPLC method development. See Ref. 12 for 
details on these and other problems associated with the use of these detectors. 


3.3.3 Electrochemical Detection 


Electrochemical (EC) detectors commonly used in HPLC can be classi- 
fied according to their operation: (1) direct-current amperometry (DCA) or 
(2) conductivity. Conductivity detectors are used mainly for ion chromatogra- 


phy [14] and are not discussed further here. DCA detectors resemble FL 
detectors in terms of both sensitivity and selectivity. Usually, FL detectors 
are more selective and DCA detectors are more sensitive, as illustrated in 


the two chromatograms of Fig. 3.14 for the two detectors. 
Compounds that exhibit EC activity are more common than compounds 
that fluoresce. Whereas FL detectors are often used after sample derivatization 


with a fluorophoric reagent, derivatization usually is not used for EC detection. 
However, there are a large number of well-studied derivatization reagents 


IAA std (E.C.) 
4 ng 


IAA (E.C.) 
Baa | 0.59 ng 
FS. IAA (F.D) IAA std (a) 


0.56 ng 


Fluorescence and electrochemical response 


4 8 12 16 20 24 (20) (24) 
Time, minutes 


FIGURE 3.14 HPLC separation with fluorescence detection. Anion-exchange analy- 
sis of indole acetic acid (IAA) from a single cotton abscission zone using electrochemi- 


cal (EC) or fluorescence (FD) detection. (Reprinted with permission from Ref. 15.) 
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and approaches that can convert a non-EC active analyte into one that is active 


[16-21]. These approaches comprise both pre- and post-column derivatiza- 
tion methods, and even the use of immobilized enzymes post-column, pho- 


tolytic_reacti - 


generator-collector) that lead to improved downstream detection of non-EC 
active analytes [20-24]. 

When greater sensitivity is required than can be obtained from UV detec- 
tion, the choice is usually between a FL or an EC detector. If the analyte(s) 
is EC active, a DCA detector is usually preferred because sample derivatiza- 
tion and related problems are usually avoided. It is even possible to use 
chemically modified electrodes that can detect otherwise non-EC active ana- 
lytes, such as proteins and other biopolymers [16,24]. 

In all forms of LCEC, current generated at a working electrode is actually 
in- LC isa form of voltammetry.Usually, 


the working electrode is held at a fixed potential. When this electrode is placed 
in a flowing stream of mobile R it wal RRG a ee current 


dueto-any a a 5 
EC analyte passes the working sleetiade, it will Be oxidized iG sediiced) by 
the working electrode, increasing the background current. The selectivity of 


EC detection is tuned by choosing the appropriate potential of the working 
electrode, such that only the analyte(s) of interest may be detected. In some 
cases it is advantageous to pulse the potential of the working electrode (triple- 
pulse waveform, pulsed amperometric detection, differential pulse voltamme- 
try, etc.), especially when oxidized or reduced analytes foul the electrode 
surface. Here, the current is measured only during a specified applied voltage, 
a technique known as pulsed amperometric detection [23-26]. 


EC detection can be performed in either the oxidative or reductive mode, 
depending in part on the analyte. Oxidative EC detection is more commonly 
used because it is generally easier to (1) operate and run routine samples, 


(2) maintain the working electrode surface activity, and (3) avoid some of the 
preparatory steps needed for routine reductive EC detection. Reductive EC 
methods also suffer from a poor signal/noise ratio due to the reduction of 


dissolved oxygen in the solution. Despite these drawbacks, it is possible to 
use reductive EC detection using dual-electrode techniques, particularly if 
dissolved oxygen is carefully excluded from the mobile phase and injected 


samples. The final choice of oxidative vs. reductive EC detection will depend 
in large part on the type of analyte (see Table 3.8). 

Detector response for a given analyte is controlled by its molecular structure 
and concentration and by the applied potential within the detector cell. Com- 


pound types that are well suited for DCA detection are shown in Table 3.8. 
The applied potential for DCA detection can be optimized by repeating the 
sample separation—detection (or flow injection analysis—EC) with different 


values of the applied potential, as illustrated in Fig. 3.15. Here a mixture of 
catecholamines is separated at potential readings of 0.6 to 0.8 V. For a potential 
of less than 0.6 V, little oxidation of the analytes occurs and detector response 


86 DETECTION SENSITIVITY AND SELECTIVITY 


Types Sensed by 
the Electrochemical Detector” 
Oxidation Reduction 
Phenolics Ketones 
Oximes Aldehydes 
Dihydroxy Oximes 
Mercaptans Conjugated acids 
Peroxides Conjugated esters 
Hydroperoxides Conjugated nitriles 
Aromatic amines, Conjugated unsaturation 
diamines 

Purines Activated halogens 
Heterocyclic rings? Aromatic halogens 

Nitro-compounds 


Heterocyclic rings? 


“Compound types generally not sensed include ethers, ali- 


phatic hydrocarbons, alcohols, and carboxylic acids. 
> Depending on structure. 


is minimal. Between 0.6 and 0.8 V, detector response climbs rapidly and then 
levels off at higher voltages. At the same time, detector noise increases and 
interferences become progressively more important as the voltage increases. 
In this case, the optimum operating potential is about 0.8 V. The optimal 
operating potential is a function of the analyte’s structure and the nature of 
the working electrode material [24]. A hydrodynamic voltammogram plot 


(similar to a plot of UV absorbance vs. wavelength) can be created from data 
like those shown in Fig. 3.15, where the current vs. applied potential defines 
the best situation for a fixed set of separation—detection conditions [22]. 


The advantages of DCA detection in terms of improved sensitivity and 
selectivity (vs. UV detection) are offset by several practical factors. Apart 
from the fact that the sample must be EC active, DCA detectors are less 


rugged. The working electrodes can foul and require frequent cleaning. Detec- 
tor response is affected by temperature, flow rate (pump pulsations), and 
extraneous electrical signals from the laboratory. Solvents of exceptional pu- 


rity and frequent recalibration may be required in some cases. Finally, the 
mobile phase must meet certain requirements (which vary with different elec- 
trodes) in terms of ionic strength and water content. These requirements 
generally rule out the use of EC detection for most normal-phase separations. 


However, there are examples that demonstrate this ability successfully, with 
suitable mobile-phase additives (salts) to perform nonaqueous LCEC [23]. 
The most common cell design for liquid chromatography with EC detection 


is the thin-layer cell. Positioning the auxiliary electrode directly across from 
the working electrode helps to minimize iR drop between the two electrodes. 
As a result, a wider linear dynamic range is achieved, since higher concentra- 


tions of injected analyte will not lead to significant changes in the working 
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FIGURE 3.15 Effect of applied potential on detector response for catecholamines 


using electrochemical (DCA) detection. Conditions: 25 x 0.46-cm 10-um Zorbax C18 
column; 2% methanol—buffer (25 mM phosphate, pH 2, plus 5 mM triethylamine). 
(Reprinted with permission from Ref. 27.) 


electrode potential. In this type of cell, only a few percent of the analyte 
in the eluant undergoes an EC reaction, and it is often referred to as an 


amperometric detector. 
Coulometric EC detectors use a porous graphite working electrode, so that 
all of the mobile phase and analyte come into contact with the electrode. 


Coulometic electrochemical detectors for LC generally convert almost 100% 
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anaryte +r int y Cemina OUIOT € Q d T x 
sensitive than amperometic detectors, since more of the analyte is converted. 
However, it is the signal/noise ratio that determines the sensitivity, and it is 


generally acknowledged that in most cases amperometric detectors are more 
sensitive [24,28]. 

Most working electrodes are made of glassy carbon, which is highly 
resistant to organic mobile phases. Ag/AgCl reference electrodes and 
stainless-steel auxiliary electrodes are used most commonly. An approach 
that offers added selectivity is the use of two working electrodes, either 
in parallel or series [23,24,27]. In the parallel case, the electrodes are 
directly across from each other in the flowing stream, held at slightly 
different potentials (0.1 to 0.2 V). The ratio of the current produced at 
the two electrodes can be compared to that of a pure standard for 


confirmatory work, since this ratio should be different for most compounds. 
As an example, Table 3.9 illustrates the measured (parallel) dual-electrode 
response ratios for a series of standard known peptides from a protein 


(cyt C) tryptic digest using glassy carbon working electrodes poised at 1.0 
and 0.9 V vs. Ag/AgCl [29]. 
This two-working-electrode technique is analogous to dual-wavelength 


monitoring using UV analysis [24]. By plotting the dual-electrode response 
ratio throughout a chromatographic peak (similar to dual-wavelength absorb- 
ance ratioing, discussed in Section 3.2.6), it is possible to demonstrate the 
purity of a peak. Multichannel EC arrays have also been described, in both 
amperometry and coulometry systems, so that a much larger amount of poten- 
tial vs. current data can be obtained for an eluting HPLC peak in a very short 


TABLE 3.9 Dual-Electrode Response Ratios 
for Peptides*‘ 


Peptide Number Response Ratios 
1.33 + 0.02 


2.00 + 0.05 
1.35 + 0.02 
1.64 + 0.04 


1.51 + 0.03 
1.38 + 0.01 
3.3 + 0.08 
2.67 + 0.02 
2.0 + 0.04 


3.0 + 0.02 
1.54 + 0.05 


=- OO DAIA WM WN) = 


— p 


*Tryptic peptides from bovine cytochrome C. 
è Applied potentials were 1.0 and 0.9 V. 
cN = 3; numbers represent average + standard deviation. 
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time frame [30-33]. This type of multielectrode array detector in LCEC can 


provide similar informational content to a DAD but now using electrochemis- 
try rather than optical spectroscopy for compound identification and purity 
determination. 


Many compounds do not show EC reaction with typical working electrode 
materials such as glassy carbon. Thus, the use of chemically modified electrodes 
has been studied widely [24,34,35]. These electrodes are modified with groups 
that will allow oxidation or reduction of otherwise unconvertible species. 
Furthermore, derivatization of nonelectroactive analytes with electroactive 
tags has also been successful [19-24,36]. 


3.3.4 Mass Spectrometer Detection (LC-MS) 


The use of a mass spectrometer for HPLC detection is becoming common- 
place, despite the high cost of such detectors and the need for a skilled operator 
[37,38]. A mass spectrometer can facilitate HPLC method development and 


avoid common problems by: 


--Tracking-and identifying individual peaks in the chromatogram between 


experiments (see Section 10.7) 
- Distinguishing compounds of interest from minor compounds or interfer- 
ences 


* Recognizing unexpected and overlapping interference peaks to avoid a 
premature finish to method development 


An example of the use of LC-MS is shown in Figure 3.16 for the separation 
and concomitant identification of six pesticides [39]. The reversed-phase sepa- 
ration of all six compounds is shown in Fig 3.16a using a total ion current 


output from the mass spectrometer. Mass spectral analysis of each peak is 
shown in Fig. 3.16b and the mass fragmentation patterns can be used to 


identify-each-peak: 
Mass spectrometers have three distinct features: (1) the source, (2) the 
analyzer, and (3) the detector, and differences in these three components 


differentiate the types of MS techniques that are useful with HPLC. For all 
MS techniques, an analyte is first ionized in the source, since the MS can only 
detect charged species. Ions of discrete mass/charge ratios (m/z) are then 
separated and focused in the mass analyzer. The final focused beam impinges 


ona detector that determines the intensity of the beam. The analyzer is thus 


comparable to the prism or monochromator for spectrophotometric tech- 
niques, except that ions of discrete m/z ratios are separated and focused rather 


than photons of discrete wavelengths. The energy detectors are also similar 
except that the MS usually utilizes an electron multiplier rather than a photo- 
multiplier. 


Total lon Current Chromatogram 


0.80 
Waters ThermaBeam 1. 2,4-D 
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0.70 Scan: MaxPiot 140 m/z to 320m/z 3. Atrazine 
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0.60 220 degrees C 5. Diuron 
6. Linuron 


Intensity 0.40 
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Selection of the ion source differentiates among different MS techniques 


for HPLC applications. Different techniques are often referred to based solely 
on the source utilized. Samples are run by electron ionization (EI), chemical 
ionization (CI), fast-atom ionizati 


(ESI), thermospray (TSP), laser desorption (LD), and so on. The exception 
to this is when a time-of-flight mass analyzer (TOFMS) is utilized; in this 
case, the method is referred to by the mass analyzer itself. Now that both 
ESI-TOFMS and matrix-assisted laser desorption ionization (MALDI) have 
become commonplace in TOFMS instruments, different nomenclatures are 
used to distinguish the two techniques. 


3.3.4.1 Mass Analyzers. There are many types of mass analyzers in MS, 
including magnetic and electrostatic sectors, quadrupole, ion trap (ITP), time- 


of-flight (TOF), and Fourier transform ion cyclotron resonance (ICR) mass 
analyzers. Perhaps the most commonly utilized mass analyzer interfaced with 
HPLC is the triple quadrupole. One instrument (the LCQ from Finnigan) 


employs an electrospray ion source (ESI) together with an octopole (dual- 
quadrupole) ion filter (focusing) arrangement prior to an ion-trap mass ana- 
lyzer. This system is interfaced with an HPLC system but can also be interfaced 


with capillary electrophoresis [40]. There are many commercial LC-MS instru- 
ments on the market and most offer totally integrated, often benchtop, turnkey 
systems that can be used for routine LC-MS analyses. 

A quadrupole MS employs four symmetrically arranged parallel rods. 
Diagonally opposed rods are connected together electrically to a radio- 
frequency (RF) and direct current (DC) voltage generator. Ions extracted 
into the quadrupole region drift toward the detector and are influenced 


by the combined DC and oscillating RF fields. By ramping the alternating- 
current (AC) and DC fields such that values corresponding to the peaks 
within the stability diagram are maintained, ions of successive m/z are permit- 


ted to pass through the quadrupoles and impinge on the detector. In this way 
the mass spectrum is generated. 


In the triple-quadrupole (quad) system, the two end quads function as 


resolving elements while the middle quad becomes the source for collisionally 
induced dissociation (CID). This then generates MS/MS spectra for individual 


analyte parent ions, by first selecting the ion for a given analyte (usually, 


FIGURE 3.16 Separation by reversed-phase HPLC and_mass_spectral-characteriza- 
tion of six pesticides. Conditions: 15 x 0.20-cm Nova-Pak Cg column; mobile phase: 
(A) 10 mM ammonium acetate; (B) 100% ACN, gradient 15% B for 2 min, then to 
35% B in 15 min, hold for 3 min, then to 100% B in 2 min, hold for 3 min, back 


to 15% B; 0.35 mL/min; 300 ng of each compound injected. Detection by Waters 
ThermaBeam mass detector scanned from 140 to 320 m/z; EI source at 220°C. (Re- 
printed with permission from Ref. 39.) 
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separating and collecting the group of fragment ions to identify the species 
that produced the first parent ion in the first quadrupole. 


In the LCQ ion trap, it is even possible to produce within the trap 
MS”, with n > 1 sets of fragment ions, so that instead of just MS/ 
MS, one can effectively generate MS/MS/MS (or MS?) and higher-order 
fragmentation spectra. This approach leads to improved selectivity for an 
individual peak/analyte and additional MS information to deduce its struc- 
ture. The ion trap is fundamentally quite different from the triple-quadrupole 
mass analyzer, and although somewhat newer, it seems to be gaining in 
popularity among users. The LCQ appears to be the first commercial 
LC-MS system that makes use of the ion trap, albeit in conjunction with 
two preceding quads. 


3.3.4.2 Ionization Methods. Electron-impact mass spectrometry (EI-MS) 
is the most familiar and commonly utilized form of MS today, and isa staple 


of all environmental labs. The EI-MS may provide both quantitative and 
qualitative information. However, for those labs that need to assay for larger 


molecules (e.g., biopolymers), EI-MS is inadequate. (The EI process requires 


that volatile compounds be introduced into the MS.) Because many analytes 

in HPLC are polar and nonvolatile, this technique is not useful for on-line 

LC-MS. Fortunately, other ionization methods exist that are based on the 

desorption of nonvolatile and thermally labile compounds directly from solu- 

tions or solid surfaces. 

Desorption ionization methods include thermospray (TSP) [41], *?Cf 
(PD)-[42}, field 


plasma desorption desorption (FD) [43], fast-atom bombard- 
ment (FAB) (44], liquid secondary-ion mass spectrometry (LSIMS) [45], 
laser desorption (LD) [46-51], electrospray ionization (ESI) [52], and matrix- 


assisted laser desorption ionization (MALDI) [46-51]. Each of these methods 
can be interfaced with LC with varying degrees of success. However, the most 
popular commercially available interfaces for LC are the atmospheric-pressure 


ionization interfaces (API) of electrospray (ESI), ion spray (ISP), and ther- 
mospray (TSP). 


Electrospray. Since the beginning of the 1990s, electrospray has been utilized 
extensively and has revolutionized the field of MS. A spray is generated at 
ambient pressure and a high voltage is supplied to the eluting solvent. There 
are some variations on the original electrospray (ESP) technique, most notably 


the use of a sheath or supporting gas, which has often been termed ion spray. 
As the eluant is sprayed at ambient pressure, an organic sheath liquid is 
commonly mixed with an eluting aqueous solvent to reduce surface tension 


and enhance evaporation of the charged droplets. Analyte molecules that are 
generated via electrospray contain various charged states (varying amounts 


of adducted sodium ions or protons). 
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This multicharging produces a nearly Gaussian distribution of peaks (often 


referred to as an envelope) corresponding to the different m/z ratios of the 
multiply charged ions. Only those analytes capable of sustaining such multiple 


and_nucleic_acids, generally are amenable 


charges, such_as proteins, peptides, 

to this type of MS analysis by ESP or ISP. Due to the multicharging, the 
m/z charge ratios of very large molecular weight species (e.g., proteins) are 
well within the instrumental limits of commercially available quadrupoles, 
even low-mass-range instruments. This feature, along with a marked absence 
of aberrant peaks, a mass accuracy of 0.01% or better, subpicomole detection 
limits, and a mass range that is greater than 100,000 Da, has propelled ESP- 
MS to the forefront of MS. 


Ion Spray. The difference between ion spray and electrospray is that ion spray 


employs pneumatic nebulization to aid in the solvent evaporation of the tiny 


droplets generated. This added feature has permitted the analysis of mixtures 
that do not include an organic modifier, used previously to decrease droplet 


modifier simplifies the coupling of the ESI source to conventional LC and 
increases the solubility of polar molecules within the mixture. ESP and ion 


spray (ISP) are among the most important and most commonly used methods 
of sample introduction and ionization for LC-MS interfacing. Both have been 
interfaced with many varieties of LC and CE and are available commercially 
from many vendors. These techniques generate multiply charged or singly 
charged ions without the need for further ionization; thus electron impact or 
chemical ionization (CI) is not involved. 


Thermospray. Thermospray (TSP) employs both heat and spraying action to 


remove solvent from analyte ions, leaving intact gaseous ions. This technique 
also needs no further ionization steps. The liquid eluant from the LC entering 


the thermospray source is heated at the interface. The combination of the 
applied heat and the jet expansion into the partial vacuum creates a fine mist 
of tiny droplets, retaining nonvolatile molecules. The solvent is eventually 


removed from each droplet via evaporation, leaving predominantly singly 
protonated analyte molecules. These molecules have been precharged in solu- 
tion by the addition of ammonium acetate or have become charged via gas- 


phase ion/molecule reactions. The resulting ions are analyzed with a mass 
analyzer. This process of desolvation is very similar to that of the electro- 
spray source. 

The requirement of low pressure within the mass analyzer is provided by 


evacuating the vaporizing chamber by auxiliary vacuum pumps. In this man- 
ner, flow rates of up to 2 mL/min may be introduced directly into the MS 
source. A drawback to this source is that for the analysis of large molecules 


(MW > 10,000), singly charged species are outside the mass range of most 
commercially available quadrupole instruments. For this reason, ESP and ISP 
are used as the ion source and sample introduction system in most commercial 


94 DETECTION SENSITIVITY AND SELECTIVITY 


instruments._An_example_of the_power_of ESP is shown_in Fig, 3.17 fora 


series of proteins and the multiply charged ions formed [37]. Clearly, the 
Pe- n MS approach Becomes even more Powertul) in ppi mapping 


ment d d collisionally induced t to frasen. and sequencing of the peptides is 
derived. Amino acid sequencing is now feasible using this approach, especially 
when each peptide of the protein map is first separated by HPLC methods 
[37,38]. 


Matrix-Assisted Laser Desorption lonization. Time-of-flight mass spectrome- 
try (TOFMS) has become one of the most important MS instruments in 
recent years as a result of the introduction of matrix-assisted laser desorption 
ionization (MALDI) as the ion source. Thus almost all manufacturers of 


TOFMS provide MALDI as a routine ion source. In TOFMS, ionic species 
are accelerated through a drift tube under an applied accelerating potential. 
Depending on their mass/charge ratios, ions reach the detector region at 


different times. Resolution is affected by differences in drift time, which is 
a function of several parameters, including (1) the length of the drift tube, 
(2) accelerating potentials and devices, and (3) differences in the ions present 


in the ionized sample. 
With the inclusion of reflectron devices, continuous gradient (curved) 
reflectrons, and similar devices, resolution of TOFMS is now comparable 
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FIGURE 3.17 Typical ion envelope from multiply charged peptide and protein ions 
in ESP. (Reprinted with- permission from Ref. 37.) 
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to that of most other MS techniques; resolution of 0.1 to 1.0 Da is now 


routine. Therefore, the resolution possible by TOFMS is now comparable 
to that of a triple-quad or ion-trap instrument. However, the mass range 


of TOFMS is much larger, even without multiply charged ions being 


formed. 

Another important advantage of TOFMS is its simplicity of construction, 
sample introduction, and routine operation. It can be a turnkey, benchtop 
instrument, easily maintained and repaired, compatible with direct sample 
introduction. Multiple sample introduction is also possible. Using MALDI as 
the ion source, the laser beam can be varied to produce different degrees of 
ionization and fragmentation patterns. Scanning of the beam permits rapid 
sample analysis, often for hundreds of individual samples on the same platform 
in the ion source. Only seconds are needed to scan an individual sample in 


the-static_ mode, thus_permitting hundreds of samples_to_be_assayed_in-a few 


minutes. This is difficult to achieve on other MS instruments with other types 
of sample introduction or ion sources. Most of the work in MALDI-TOFMS 


described currently has been ina static mode (off-line) and not interfaced 
with a flowing stream such as LC. However, research activity in this area has 
resulted in numerous papers in LC-MALDI-TOFMS, just as for LC-ESP-— 


TOFMS [37,46-51]. 

Figure 3.18 illustrates a typical MALDI-TOFMS output for a mixture 
of higher-molecular-weight protein standards run under typical MALDI 
matrix conditions using sinapinic acid as the matrix component [35]. Resolu- 
tion of this TOFMS unit permits unambiguous identification of every protein 
to within +1 Da. Another advantage of MALDI-TOFMS is that it requires 
very small amounts of sample for correct identification, even for total peptide 


mapping and amino acid sequencing of individual peptide components. 


3.3.5 Selecting the Mass Spectrometric Detector 


In Seeing an M5 ion source, one must ensure that ee mass s range ane 


nei of the ice: If the MS incitement has a range of Í only a few 
thousand daltons, then ESP, ISP, or TSP probably is best for a protein 


to generate multiply charged ions. For low-MW analytes, any interface or 
ion source could suffice, such as electron impact, chemical ionization, laser 
desorption, or FAB. Using high-resolution LC methods to separate individual 
sample components reduces the need for very high resolution in the MS 


since overlapping components will not be eluting into the MS. However, 


to identify each of these species correctly, high-resolution instruments 
are preferred. 


The ideal system is a high-resolution separation step coupled with a high- 
resolution MS through an interface or ion source that will provide both individ- 
ually charged and/or multiply charged ions derived from every analyte species. 
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Protein standard 
(prepared with sinapinic acid) 


Bovine serum albumin 
66431.2[M + H]* 


Cardiac cytochrome c 
12360.2 [M + H]*! 


Cardiac myoglobin 
16952.5[M + H]*?! 
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Equine cardiac cytochrome c 12359.2 Da] 0.20 „M 
Equine cardiac myoglobin 16951.5 Da 


FIGURE 3.18 MALDI-TOFMS spectra from a Hewlett-Packard G2025A system 


for a mixture of protein standards, as indicated. Operating conditions: mass range, 
100,000 Da; mass filter, 8000 Da; polarity, positive or negative; laser energy (337 nm, 
nitrogen laser), 4 to 7 uJ. (Reprinted with permission from Ref. 53.) 


Commercial instruments are moving toward providing LC-ESP/ISP/TSP in- 
terfaced to the MS systems. 


3.3.6 Less Common Detectors 


A number of other HPLC detectors are currently in use, but their application 
is not yet sufficiently widespread to justify a detailed discussion in this book. 
Table 3.10 provides a summary of some of their pertinent characteristics. See 


Refs. 57 and 58 for further details. 
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TABLE 3.10 Less Common HPLC Detectors 


Detector Comments 


Reaction detectors Incorporate a chemical reaction module between the 


column and a UV or fluorescence detector, to convert 
the analyte(s) to a more easily detected species. 

Used primarily for trace analysis. 

Limited by the complexity and lack of ruggedness of these 
systems in most cases. 

Method development complicated by the separate and 
often conflicting requirements of the mobile phase and 
reaction medium. 


Radioactivity Extremely sensitive and specific for samples that are 


radiolabeled, such as environmental studies involving 
agricultural chemicals or pharmaceutical tracer studies. 


Limited use in other areas. 


Infrared (IR) Used only with a limited range of organic solvents. 


Limited primarily to the analysis of synthetic polymers. 


Alternative applications where the solvent is removed 
prior to detection are not well established. 


Low-angle laser light Provides measurements of analyte molecular weight, 


scattering (LALLS) particularly suited for use with synthetic and 
biopolymers [54]. 


Optical activity Used to detect enantiomers (Chapter 12). 
(polarimeter) 
Viscometer Provides on-line measurement of changes in viscosity of 


the mobile phase plus analyte vs. the mobile phase. 
Well suited for carrying out assays of molecular-weight 
distribution for synthetic and biological polymers 


[55,56]. 
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4.7 Derivatization 


4.7.1  Detectability 
4.7.1.1 UV Detection 
4.7.1.2 Fluorescence Detection 


4.7.2 Pre- and post-column Derivatization 
4.7.2.1 Pre-column Derivatization 
4.7.2.2 Post-column Derivatization 

4.7.3 Chiral Analysis by Derivatization 


4.1 INTRODUCTION 


Sample preparation is an essential part of HPLC analysis, intended to provide 
a reproducible and homogeneous solution that is suitable for injection onto 


the column. The aim of sample preparation is a sample aliquot that (1) is 
relatively free of interferences, (2) will not damage the column, and (3) is 
compatible with the intended HPLC method; that is, the sample solvent will 


dissolve in the mobile phase without affecting sample retention or resolution. 
It may also be desirable to concentrate the analytes and/or derivatize them 
for improved detection or better separation. Sample preparation begins at 
the point of collection, extends to sample injection onto the HPLC column, 
and encompasses the various operations summarized in Table 4.1. Options 1 to 
4, which include sample collection, transport, storage, preliminary processing, 
laboratory sampling, and subsequent weighing/dilution, all form an important 


part of sample preparation. Although these steps can have a critical effect on 
the accuracy, precision, and convenience of the final method, only option 3 
(preliminary sample processing) is discussed here. See Refs. [1-4] for a discus- 


sion of options 1, 2, and 4. This chapter is devoted primarily to options 5 to 
8 of 125 4.1, which encompass what is usualy meant by SAMPE E E 


ment olehi is carried out in a manual mede, As a , result, simple pieicatment 
can preduire more time sor method win ang routine aa than is 


includes a a number of Reih edOl Kles: as well as a eaol 
steps and can therefore be a challenging part of HPLC method development. 
Pinalty, method precision and Repu! are meauenty determined by the 


snd dilution. For all these r reasons, the ieveiopment of a sample eam 
pee? deserves are advance planting: 


y of 


Anales; involve a minimum number of steps, and (if possible) be easily 
automated. Quantitative (99+ %) recovery of each analyte enhances sensitivity 
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TABLE 4.1 Sample Pretreatment Options 


Option Comment 


1. Sample collection Obtain representative sample using 


Statistically valid processes. 

2. Sample storage and preservation Use appropriate inert, tightly sealed 
containers; be especially careful with 
volatile, unstable, or reactive materials; 
stabilize samples, if necessary; biological 
samples may require freezing. 

3. Preliminary sample processing Sample must be in a form for more efficient 
sample pretreatment (e.g., drying, sieving, 
grinding, etc.); finer dispersed samples are 
easier to dissolve or extract. 

4. Weighing or volumetric dilution Take necessary precautions for reactive, 


unstable, or biological materials; for 
dilution, use calibrated volumetric 


glassware. 

5. Alternative sample processing Solvent replacement, desalting, evaporation, 

methods freeze-drying, etc. 

6. Removal of particulates Filtration, solid-phase extraction, 
centrifugation. 

7. Sample extraction Methods for liquid samples (Table 4.2) and 
solid samples (Tables 4.3 and 4.4). 

8. Derivatization Used mainly to enhance analyte detection; 


sometimes used to improve separation 
(enantiomers, Section 12.1). 


and assay precision, although this does not mean that all of the analyte present 
in the original sample must be included in the final injected sample. For 


example, fora series of sample-pretreatment steps in a given method, aliquots 


of intermediate fractions may be used for further sample preparation or for 
an intermediate injection. If recovery is less than 100%, the sample pretreat- 


ment must be reproducible. A smaller number of sample-pretreatment steps 
plus automation reduces the overall time and effort required and decreases 
the opportunity for imprecision errors by the analyst. 


Many sample preparation techniques have been automated, and appro- 
priate instrumentation is commercially available. Automation approaches vary 
from using a robot for performing manual tasks to dedicated instruments 
optimized to perform a specific sample preparation technique. Although auto- 


mation can be expensive and elaborate, it is often desirable when large num- 
bers of samples must be analyzed and the time or labor per sample are 
excessive. The decision to automate a sample pretreatment procedure is often 


based on a cost justification or, in some cases, when operator safety is involved 
(1.e., to minimize exposure to toxic substances or other possible health 
hazards). 
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4.2 TYPES OF SAMPLES 


Sample matrices can a Bea as orEane (including P or inorganic, 


suspensions, $, colloids), liquids, ande gases. y amps usually are analyzed 
by gas chromatography rather than HPLC. However, gaseous samples that 
are labile, thermally unstable, or prone to adsorb to metal surfaces are some- 
times better handled by HPLC. Trapping is required to analyze gaseous sam- 
ples by HPLC. The gas sample is either (1) passed through a solid support 
and subsequently eluted with a solubilizing liquid or (2) bubbled through a 
liquid that traps the analyte(s). An example of the HPLC analysis of a gaseous 
sample is U.S. Environmental Protection Agency (EPA) Method TO-11 for 
volatile aldehydes and ketones ug Here an air sample i is passed through an 


adsorbenttrap-coated-with-2, 
converts aldehydes and ketones into their 2,4- dinitrophenylhydrazones. The 
hydrazones are then eluted with acetonitrile and separated by reversed-phase 


HPLC. Table 4.2 summarizes a number of procedures for the initial prepara- 
tion of gaseous, liquid, or solid samples. The remainder of this chapter is 
devoted to the pretreatment of samples of most concern: semivolatile and 


nonvolatile analytes in various matrices. 

Compared to gases or solids, liquid samples are much easier to prepare 
for HPLC. Many HPLC analyses are based on a “dilute and shoot” procedure, 
where the concentration of solubilized analyte is reduced by dilution to avoid 
overloading the column or saturating the detector. Sample preparation for 
solid samples can be more demanding. In some cases the sample is easily 
dissolved ani is then Leony t for mjection £ or PLUT oe In other 


mi be extracted from the solid matrix. There are aie cases where the 
analytes are not easily removed from an insoluble matrix—because of inclu- 


sion or adsorption. Here more rigorous techniques, such as Soxhlet extraction, 
supercritical fluid extraction (SFE), ultrasonication, or solid—liquid extraction, 
may be necessary. Table 4.3 lists some traditional methods for the recovery 


of analytes from solid samples, and Table 4.4 describes some more recent 
methods. Once analytes have been quantitatively extracted from a solid sam- 
ple, the resulting liquid fraction can either be injected directly into the HPLC 


apparatus or subjected to further pretreatment. 


43 PRELIMINARY PROCESSING OF SOLID AND 


SEMI-SOLID SAMPLES 


4.3.1 Reducine Sample Particle Si 


It is desirable that solid samples be reduced in particle size since finely divided 
samples (1) are more homogeneous, allowing more representative sampling 


TABLE 4.2 Typical Sample Pretreatment Methods for Gases, Liquids, and Suspensions 


pad 
È Methods of 
Sample 
Sample Type Pretreatment Principles of Technique Comments 
Volatile Solid-phase Gaseous sample passed through tube packed Gas flow rate critical for trapping efficiency; watch for 
organics, trapping with adsorbent (e.g., silica gel, activated aerosol formation, adsorbent overloading, and 
gases carbon); trapped analytes are eluted with irreversible adsorption of reactive analytes; chemical 
strong solvent. complexing reagents may be useful to improve 
trapping efficiency; purge and trap technique. 

Liquid trapping Gaseous sample is passed through solution, Flow rate should be low enough so as not to create 
which is a good solvent for analytes that foams or aerosols; complexing agents may be added 
remain behind; gas usually passes through to solvent to aid trapping; temperature can be 

Liquid Solid-phase Liquid is passed through solid phase, which Wide variety of stationary phases available for selective ~~~ 


extraction _ selectively removes analyte (or 


removal of desired inorganic, organic, and biological 
analytes; specialty phases for drugs of abuse, | 


interferences); analyte can be eluted with 
strong solvent; in 


some cases interferences 


carbohydrates, catechol amines, and many other 


are retained and analytes allowed to pass 


classes of compounds, trace enrichment of water. 


through solid phase unretained; same 


mechanisms as HPLC. 


Liquid-liquid Sample is partitioned between two immiscible 


Beware of formation of emulsions—break them with 


extraction phases, which are chosen to maximize 


heat, addition of salt (Section 4.4.1.3); change Kp 


differences in solubility. 


value by different solvent or chemical-equilbria- 


affecting additives (such as buffers for pH adjustment, ~+ 
ee E 


HPLC mobile phase to avoid column 


To avoid band spreading, solvent should not be too 
strong for HPLC mobile phase and should be 


overload or to be in linear range of 


miscible with HPLC mobile phase; ‘dilute and shoot” 


detector. 


is a typical sample preparation method for simple 


liquid samples such as pharmaceutical formulations. 


Evaporation Liquid is removed by gentle heating at Do not evaporate too quickly; bumping can lose sample; 
atmospheric pressure with flowing air or watch for sample loss on wall of container; don’t 
ine T under vacuum. overheat to dryness; best under inert gas such as Nz; 
rotary evaporator works best; automated systems 
(e.g., Furbovap) available. 
Distillation Sample is heated to boiling point of solvent, Mainly for-samples that-can-easily be volatilized; sample 
and volatile analytes are_concentrated in can_-decompose_if heated _too_high; vacuum distillation —___ 
vapor phase, condensed, and collected. can be used for low-vapor-pressure compounds; steam 
distillation is rather gentle since maximum 
temperature is 100°C. 
Microdialysis A semipermeable membrane is placed Enrichment techniques such as SPE are required to 
between two aqueous liquid phases and concentrate dialyzate; microdialysis is used for 
sample solutes transfer from one liquid to examination of extracellular chemicals in living plant 
the other based on differential and animal tissue, in fermentation broths; has been 
Lyophilization Aqueous sample is frozen a ate : arge Sd : Th | 
by sublimation under vacuum. be handled: possible loss of volatile analytes; 
inorganics can be concentrated. 
Suspensions Filtration Liquid is passed through paper or membrane Highly recommended to prevent backpressure problems 
filter to remove suspended particulates. and to preserve column life; membrane filters must be 
compatible with solvent so they don’t dissolve during 
experiment; use large-porosity (> 2 um) filters for | 
maximum fiow or small-porosity filters (< 0.2 um) to 
remove bacteria. 
Centrifugation | Sample is placed in ee E solid ampe oe tube 
and _spun_at high velocity; es_prese a - entrifuge 
liquid is decanted. E AE E sarticalatstemeval 
= Sedimentation Sample is allowed to settle when left Extremely slow process; manual recovery of different- 
n undisturbed in a sedimentation tank; size particulates at different levels, depending on 


settling rate dependent on Stokes’ radius. settling rate. 


TABLE 4.3 Traditional E ‘on Methods for Solid Sampi 


pad 
& Method of 
Sample 
Pretreatment Principles-of Technique Comments 
Solid-liquid Sample is placed in stoppered container and solvent is Solvent is sometimes boiled or refluxed to improve 
extraction added to dissolve analyte of interest; solution is 


solubility; sai is in finely divided state to aid 


separated from solid by filtration (sometimes called 


leaching pr m n be or 


onal anes Erd, decanted, or 


Soxhlet-extraction 


centrifuged-_to-separate_from_insoluble-solid. 


is Resin mena one 


the 


EEE wr RIC Ln I 


continuously in boiling flask. 


Extraction occurs in pure solvent; sample must be stable —— 


ttended until complete; inexpensive; best 


for freely T powders; excellent recoveries (used as 


standard to which other solid-extraction methods are 


compared). 


Forced-flow Sample is placed in flow-through tube with solvent Suitable for particulate samples; solvent can be pumped 
leaching flowing through it. Tube is heated to near solvent’s or pushed through with high-pressure N>; smaller 
boiling point. volume of solvent than Soxhlet; yields similar results 
and is faster. 

Homogenization Sample is placed in a blender, solvent is added, and Used for plant and animal tissue, food, environmental 
sample is homogenized to-a finely divided state; solvent samples; organic_or-aqueous-solvent-can_be-used;_dry 
is removed for further workup. ice-or diatomaceous_earth can be added to make 

sample flow more freely; small dispersed sample 
promotes more efficient extraction. 

Sonication Finely divided sample is immersed in ultrasonic bath with Dissolution is aided by ultrasonic process; heat can be 
solvent and subject to ultrasonic radiation. An added to increase rate of extraction; safe; rapid; best 
ultrasonic probe or ultrasonic cell disrupter can also be for coarse, granular materials; multiple samples handled 
used. simultaneously; efficient contact with solvent. 

Dissolution Sample is treated with dissolving solvent and taken 


Inorganic solids may require acid or base to dissolve 


directly into solution with or without chemical change. 


completely; organic samples often can be dissolved 


a a ace ga kal 


TABLE 44 Modern Extraction Methods for Solid Samples 


Method-of Sample 


Pretreatment 


Principles-of Technique 


Comments 


Accelerated solvent 


Sample is placed in a sealed container and heated to 


Greatly increases speed of liquid—solid extraction 


extraction (ASE) above its boiling point, causing pressure in vessel process; automated; vessel must withstand high 
to rise; extracted sample is removed automatically pressure; extracted sample is diluted and requires 
and transferred to vial for further treatment. further concentration; safety provisions are 

extraction extraction; sample in thi i adiseat han traditional Soxhlet: salve is 


boiling solvent, then thimble is raised for 


recovered for possible reuse; decreased extraction 


conventional Soxhlet extraction/rinsing with 


time due to two-step process. 


solvent refluxing and finally, concentration. 


Supercritical fluid extraction 


Sample is placed in flow-through container and 


Automated and manual versions available; to affect 


supercritical fluid (e.g., CO2) is passed through 


“polarity” of SF fluid, density can be varied and 


sample; after depressurization, analyte extracted is 


solvent modifiers added; sample collected is usually 


concentrated and relatively contaminant-free 


collected in solvent or trapped on adsorbent, 
followed by desorption by rinsing with solvent. 


because CO; is removed after extraction; matrix 


effects-extraction process; method-development 


may take longer than other modern methods. 


Microwave-assisted Sample is placed in an open or closed container and — Extraction solvent can range from microwave 
extraction heated by microwave energy, causing extraction of absorbing (MA) to nonmicrowave absorbing 
analyte into a solvent. (NMA); in MA, sample is placed in high-pressure i 

container and heated well above its boiling point | 
as in ASE; in NMA, container can be open and 
there no pressure rise; safety provisions are 
required with organic solvents in microwave oven 
(MA/NMA) and for high pressures of MA. 

Thermal extraction 


Form_of dynamic-headspace sampling but the sample System must-be- constructed of fused-quartz or fused 


is heated to much higher (controlled) 


LOI 


temperatures, up to 350°C. 


silica-so_that-extracted_analytes-do not react_with 


hot metal surfaces; system cold spots should be 


avoided; used for low-vapor-pressure compounds. 
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with greater precision and accuracy, and (2) dissolve faster and are easier to 


extract because of their greater surface area. Methods for reducing the particle 
size of solid samples are outlined in Table 4.5. 
Grinding with a mortar and pestle is recommended for many solid samples 


and most will withstand the thermal rigor of grinding. If the sample contains 
thermally labile or volatile compounds, it is important to minimize heating 
during the grinding process. If the sample is very hard, a diamond mortar 
constructed with a cylinder of hardened steel may be required. A close-fitting 
steel rod fits inside the cylinder and the sample is pulverized by hammering 
on the rod. If the material is soft, a ball mill is recommended. Here the sample 
is placed into a porcelain cylinder containing porcelain, stainless steel, or hard 
flint balls. After the cylinder is sealed, it is rotated, shaken, or vibrated until 
the material inside is ground into a finely divided state. This material may 
then be sieved to achieve a more homogeneous sample. 


Malleable or elastic samples such as rubber or plastic must be cooled before 
grinding to make them brittle. For this, dry ice can be added directly to a 
mortar or ball mill. The dry ice should be prepared from carbon dioxide 


that is free from impurities that might contaminate the sample. When lower 
temperatures are required to solidify the sample, pulverizing the sample under 
liquid nitrogen can be carried out in a freezer mill or cryogenic pulveriza- 


tion system. 


4.3.2 Drying the Sample 


Solid samples are often received for analysis in a damp or wet state. Removal 
of water or drying the sample to constant weight is usually necessary for 
reliable assay. Inorganic samples such as soil should be heated at a temperature 


from 100°-110°C to ensure the removal of moisture. Hydrophobic organic 
samples seldom require heating, since water absorption is minimal. However, 
organic vapors can also be adsorbed by solid organic samples, and a heating 


step can remove these contaminants. For hydroscopic or reactive samples (e.g., 
acid anhydrides), drying in a vacuum desiccator is recommended. Samples that 
can oxidize when heated in the presence of air should be dried under vacuum 


or nitrogen. Biological samples generally should not be heated to above 100°C, 
and temperatures above ambient often should be avoided to avoid sample 
decomposition. Sensitive biological compounds (e.g., enzymes) often are pre- 


pared in a cold room at less than 4°C to minimize decomposition. Samples of 
such materials should be maintained at these low temperatures until the HPLC 
analysis step. Freeze-drying (lyophilization) often is used to preserve the 
integrity of heat-sensitive samples (especially biologicals). This is carried out 


by quick-freezing the sample, followed by removal of frozen water using 


sublimation under vacuum. 


4.3.3 Filtration 


Particulates should be removed prior to injection because of their adverse 


effect on column life (Section 5.4.3.1). The most common methods for remov- 


TABLE 4.5 Methods for Reducing Sample Particle Size 


Particle-Size- 


Reduction Method Description of How Sample Reduction is Carried Out 


Blending ____ Mecchanical_blender-_chops-a_semi-soft-substance into smaller parts; can-also-_referto the blending of-a 


nonhomogeneous sample into a more consistent form. 


Chopping Mechanically cutting a sample into smaller parts. 

Crushing Tungsten carbide variable jaw crushers reduce large, hard samples to 1- to 15-mm diameters. 

Cutting Cutting mills can reduce soft-to-medium hard materials (< 100 mm diameters) by using rotating and stationary cutting 
knives; reduced size depends on sieves used in combination with mill. 

Grinding Mortar and pestle most popular; mechanical mortar grinders automate and standardize grinding to analytical fineness 


done manually with a mortar and pestle; both wet and dry grinding are used; fineness of approximate 10-um 


diameters can be achieved. 


gap-se i 
Ste E a a a en | 
developing high grinding energy via centrifugal or planetary actions using agate, tungsten carbide, or PTFE-coated 


stainless steel balls; a soil mill will gently pulverize dried samples of soils, sludges, clays, and similar material by i 


rotating nylon brushes that throw a sample against a chamber wall. 


Mincing Breaking down a meat or vegetable product into smaller parts by tearing, chopping, cutting, dicing, etc. 
Pressing Generally refers to squeezing liquid from a semi-solid material (e.g., plants, fruits, meat) for the purposes of further 
analysis. 


Pulverizing ~ Electromechanically driven rod or vibrating base is used to break particles down mechanically into smaller units; can 


be performed in wet or dry state; freezer mill-can be used with liquid Nz to treat malleable samples. 


Sieving Passing- a sample through a metal or plastic mesh ofa uniform cross-sectional-area (square openings from 3-pm_to 


123 mm) to-separate_particles into_uniform-sizes; both _wet_and_dry sieving can_be_used. 


601 
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ing particulates from the sample are filtration, centrifugation, and sedimenta- 


tion. Several approaches to filtration are given in Table 4.6. Paper filtration 
is a relatively straightforward technique. The lower the porosity of the filter 
medium, the cleaner the filtrate and the longer the filtering time. Vacuum 


filtration speeds up this process. Membrane filters can be purchased for place- 
ment into commercial filter holders. However, many HPLC users prefer dis- 
posable filters equipped with Luer fittings. Here, the sample is placed in a 
syringe and filtered through the membrane using gentle pressure. 

A variety of membrane materials with different nominal porosities and 
dimensions are available for filtration; manufacturers’ literature provides spec- 
ifications. For most samples encountered in HPLC, filters in the range 0.25- 
to 2-~m nominal porosity are recommended. The porosity values are approxi- 
mate and the type of membrane can have some influence on the filtration 
range. Membranes with 0.25-um pores remove the smallest of particulates 


(and large macromolecules). If the sample contains colloidal material or a 
large amount of fine particulates, considerable pressure may be required to 


force the liquid sample through the filter. Manufacturers of membrane filters 


usually provide detailed information on solvent compatibility. If an inappropri- 
ate solvent i is used, the alter may ONS (or sees and the ee eee 


ee not ORIY- are eed for filtration but also remove Spar oie (Sec- 
tion 4.4.2). 


44 SAMPLE PRETREATMENT FOR LIQUID SAMPLES 


Table 4.2 provides an introduction to sample preparation methods for liquid 


samples, but most laboratories need only a few of these procedures. For 
example, distillation is limited to volatile compounds, although vacuum distill- 
ation for high boilers in environmental samples can extend the application of 


this technique [8]. Lyophilization is usually restricted to the purification and 
handling of biological samples (Chapter 11). In the following sections we 


deat with those methods in more common- use- in most HPEC laboratories: 
liquid-liquid and liquid-solid (solid-phase) extraction. 


4.4.1 Liquid—Liquid Extraction 


Liquid—liquid extraction (LLE) is useful for separating analytes from interfer- 
ences by partitioning the sample between two immiscible liquids or phases. 


One phase in LLE often-is-aqueous-and the second phase-an organic solvent. 
More-hydrophilic compounds prefer the polar aqueous phase, whereas more- 
hydrophobic compounds will be found mainly in the organic solvent. Analytes 


extracted into the organic phase are easily recovered by evaporation of the 
solvent, while analytes extracted into the aqueous phase can often be injected 
directly onto a reversed-phase HPLC column. The following discussion as- 


TABLE 46 Filtration in HPEC 


Filtration Media Typical Products Recommended Use Comments 

Filter paper Cellulose For removal of larger Beware of filter paper fibers getting into sample; ensure 

particles (> 40 um) solvent compatibility of filter paper. 

Membrane filters Nylon, PTFE, For removal of small Plug easily with “dirty” samples; prefiltering may be needed; 
polypropylene, particles (< 10 wm) porosities from 0.25 to 2 um most popular; possible solvent 
polyester, polyether compatibility problems; for ultrafiltration membrane filters, 
sulfone, polycarbonate, see Section 4.4.3. 
polyvinylpyrrolidone 

= , Can remove both Can be plugged with dirty samples; prefiltering may be 
membranes affinity membranes particulates and : i = ibili : 
matrix interferences 

SPE cartridges Silica--and polymer-based ___Can remove both Particles of silica-bonded phase can pass into filtrate; 


matrix interferences metallic ions may extract from metal frits, beware of 


plugging and batch-to-batch irreproducibility. 


SPE disks PTFE- and fiberglass- Can remove both Sometimes need filter holder; PTFE membranes are delicate; | 
based particulates and can pass large volumes at high flow rate; beware of plugging 
matrix interferences and batch-to-batch irreproducibility. 


TI 
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sumes that an analyte-is extracted into the organic phase from an aqueous 


sample; but similar approaches are used when the analyte is extracted into 
an aqueous phase. 


Figure 4.1 summarizes the steps involved in a LLE separation. Since extrac- 


tion is an equilibrium process with limited efficiency, significant amounts of 
the analyte can remain in both phases. Chemical equilibria involving changes 
in pH, ion pairing, complexation, and so on, can be used to enhance analyte 
recovery and/or the elimination of interferences. The LLE organic solvent is 
chosen for the following characteristics: 


x - Low solubility in water (< 10%) 
- Volatility for easy removal and concentration after extraction 


tf 


-= Compatibility with the HPLC detection technique to be used for analysis 


(avoid solvents that are strongly UV absorbing) 


- Polarity and hydrogen-bonding properties that enhance recovery of the 
analytes in the organic phase (see the discussion in Section 2.3.2.1 and 


Appendix IT) 
- High purity to minimize sample contamination 


-> 4.4.1.1 Theory. The Nernst distribution law states that any species will dis- 
tribute between two immiscible solvents so that the ratio of the concentrations 
remains constant: 


(4.1) 


where Kp is the distribution constant, Cy the concentration of the analyte in 
the organic phase, and C,, the concentration of the analyte in the aqueous 


~~ phase. A more useful expression is the fraction of analyte extracted (E) into 


the organic phase, given by 


= CoVo KV r= 
- » ES CVE Cav, 1 Kav 2) 


where Vo is the volume of organic phase, V, the volume of aqueous phase, 
and V the phase ratio Vo/Vagq. 

Many LLE procedures are carried out in separatory funnels and typically 
require tens or hundreds of milliliters of each phase. For one-step extractions, 


Kp must be large (e.g., > 10) for the quantitative recovery of analyte in one 
of the two phases, since the phase ratio V must be maintained within a practical 
range of values [e.g., 0.1 < V < 10 (see Eq. 4.2)]. In most separatory-funnel 


LLE procedures, quantitative recoveries (> 99%) require two or more extrac- 
tions. For successive multiple extractions, with pooling of the analyte phases 
from each extraction, the fraction of analyte extracted E is 


Sample 


Dissolve in 


No 2 
solution? suitable 
solvent 
Make chemical 
adiustmen 8.9.,-pH, 
add complexation 
reagent, etc.) 
in. sep funnel solvent and to separate 
shake vigorously 
Draw off each | Yes 
phase 
Are solutes No 
quantitatively? 
Evaporate to Injection or 
Yos appropriate rther sample 
concentration pretreatment 


clr 


FIGURE 4.1 Schematic of LLE process. 
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zic =e 
E=1 (= =) (4.3) 


where n is the number of extractions. For example, if Kp = 5 for an analyte 
and the volumes of the two phases are equal (V = 1), three extractions (n = 
3) would be required for >99% recovery of the analyte. Several approaches 
can be used to increase the value of Kp: 


- The organic solvent can be changed to increase Kp. 

- If the analyte is ionic or ionizable, Kp can be increased by suppressing 
its ionization to make it more soluble in the organic phase (see the 
discussion in Section 4.4.1.2). The analyte can also be extracted into the 
organic phase by ion pairing (Section 7.4), provided that the analyte is 


ionized and an ion-pair reagent is added to the organic phase. 
: Salting out can be used to decrease an analyte’s concentration in the 


aqueous phase by the addition of an inert neutral salt (e.g., sodium sulfate) 


to the aqueous phase. 


4.4.1.2 : ; 
as well as some unsuitable (water-miscible) solvents. Apart from miscibility 
considerations, the main selection criteria is the polarity P’ of the solvent 
(Table II.1 of Appendix IT) in relation to that of the analyte. The maximum 
Kp value occurs when the polarity of the extraction solvent matches that of 
the analyte. For example, extraction of a polar analyte from an aqueous sample 
matrix would best be accomplished with a more polar (large P’) organic 


UIV . JP U VOI WIV a D y U G 


by blending two solvents of different polarity (e.g., hexane and chloroform) 
and measuring Kp vs. the composition of the organic phase [9]. The solvent 


mixture that gives the largest value of Kp is then used for the LLE procedure. 
Further changes in Kp can be achieved, with improvement in the separation 
of analytes from interferences, by varying organic-solvent selectivity. Solvents 


from different regions of the solvent-selectivity triangle (Fig. 2.7, Section 
2.3.2.1) are expected to provide differences in selectivity; see also the discussion 
in Ref. 10. 


In solvent extraction, ionic analytes often can be transferred into either 
phase, depending on the selected conditions. For example, consider the extrac- 
tion of an organic acid from an aqueous solution. If the aqueous phase is 
buffered at least 1.5 pH units above its pX, value, the analyte will be ionized 


and prefer the aqueous phase; less polar interferences will be extracted into 
the organic phase. If the pH of the aqueous solution is lowered (<<pK,) so 
that the analyte is no longer ionized, the analyte will be extracted into the 


organic phase, leaving more polar interferences in the aqueous phase. Equilib- 
ria involving pH are discussed further in Section 7.2. The principles of acid- 
base extraction as a function of pH are the same for LLE and HPLC. 


4.4 SAMPLE PRETREATMENT FOR LIQUID SAMPLES 


TABLE 4.7 Extraction Solvents for LLE” 


Aqueous Solvents 


Water-Immiscible 
Organic Solvents 


Water-Miscible 
Organic Solvents 
(Unsuitable for LLE) 


Pure water 

Acidic solution 

Basic solution 

High salt (salting-out 
effect) 

Complexing agents (ion 
pairing, chelating, 
chiral, etc.) 

Combination of two or 
more of the above 


Aliphatic hydrocarbons 
(hexane, isooctane, 
petroleum ether, etc.) 

Diethyl ether or other 
ethers 

Methylene chloride 

Chloroform 

Ethy] acetate and other 
esters 

Aliphatic ketones (Cs and 


Alcohols (low molecular 
weight) 

Ketones (low molecular 
weight) 

Aldehydes (low molecular 
weight) 

Carboxylic acids (low 
molecular weight) 

Acetonitrile 

Dimethyl sulfoxide 


above) 


Dioxane 


Aliphatic alcohols (C6 and 
above) 


Toluene, xylenes (UV 
absorbance!) 
Combination of two or 


more above 


a Any solvent from the first column can be matched with any solvent of the second column; 
water-miscible organic solvents should not be used with aqueous solvents to perform LLE. 


If the analyte Kp is unfavorable, additional extractions may be required 
for improved recovery (Eq. 4.3). In this case a fresh portion of immiscible 


solvent_is_added_to_the_original _sample_to—extract—additional_solute,and 


all extracts are combined. Generally, for a given volume of final extracting 
solvent, multiple extractions are more efficient in removing a solute quantita- 


tively than-use-of-a-single-extraction volume. Back extraction can be used 
to reduce interferences further. For example, consider the example of an 
organic-acid analyte described above. If the analyte is first extracted at 


low pH into the organic phase, polar interferences (e.g., hydrophilic neutrals, 
protonated bases) are left behind in the aqueous phase. If a fresh portion 
of high-pH aqueous buffer is used for the back-extraction of the organic 
phase, the ionized organic acid is transferred back into the aqueous phase, 


leaving nonpolar interferences in the organic phase. Thus a two-step back- 


extraction allows the removal of both basic and neutral interferences, 
whereas a one-step extraction can eliminate one or the other of these 


If the Kp value is very low or the required sample volume is large, it 
becomes impractical to carry out multiple extractions for quantitative recovery 


116 SAMPLE PREPARATION 


of the analyte. Too many extractions are required, and the volume of total 
extract is too large (Eq. 4.3). Also, if extraction is slow, a long time may 
be required for equilibrium to be established. In these cases, continuous 
liquid-liquid extraction can be used, where fresh solvent is continually recycled 
through the aqueous sample. Continuous extractors using heavier-than-water 
and lighter-than-water solvents have been described [11]; examples are shown 
in Fig. 4.2. In each case an extraction solvent contained in a reservoir is 
refluxed continuously, the solvent vapor is condensed and bubbled through 
an immiscible sample solution, and the solvent plus extracted analyte is col- 
lected and fed back to the original solvent reservoir. In this way, analyte 
continually accumulates in the reservoir and is depleted from the sample 
solution until all the analyte is extracted from the sample. These extraction 
devices can run for extended periods (12 to 24 h); quantitative extractions 
(> 99% recovery) can be achieved even for small values of Kp. 

For more efficient LLE, a countercurrent distribution apparatus can provide 
a thousand or more equilibration steps (but with more time and effort). This 


Condenser Condenser 


Condensed 
solvent 


Condensed 
solvent 


> 


Solution 
containing solutes 
to be extracted 


oaca oo ie fe eo oO 


<—— 


Solutes 
concentrate 
in here 


> c 


Solutes 
concentrate 
in here 


Solution containing 
solutes to be 
extracted Heating mantle Heating mantle 


(a) (b) 


FIGURE 4.2 Apparatus for continuous extraction. (a) Extracting solvent less dense 
that the solution from which a solute is being extracted; (b) extracting solvent more 
dense that the solution from which a solute is being extracted. 
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allows the recovery of analytes having extremely small Kp values; countercur- 


rent distribution also provides a better separation of analytes from interfer- 
ences. Small-scale laboratory units are commercially available. For further 
information on the countercurrent distribution process, see Ref. 12. 


In some cases, LLE can increase the analyte concentration in the extract 
fraction relative to its concentration in the initial sample. According to 
Eq. 4.2, by choosing a smaller volume of organic solvent, the analyte concen- 
tration can be increased by the volumetric ratio of organic-to-aqueous phases 
(assuming complete extraction into the organic phase). For example, assume 
100 mL of aqueous sample, 10 mL of organic solvent, and a high Kp value 
(e.g., Kp > 1000). The concentration of the analyte in the organic phase will 
then increase by a factor of 10. For large aqueous/organic solvent ratios the 
organic solvent may be partially dissolved by the aqueous phase (Section 
4.4.1.3). This effect can reduce the volume of the recovered organic solvent 


and make calculation of analyte recovery uncertain. This problem can be 
avoided by presaturating the aqueous solvent with organic solvent. Note that 
when the solvent ratio Vo/V,, is small, the physical manipulation of the two 


phases becomes more difficult. 
Microextraction is another form of LLE in which extractions are carried 


out with organic/aqueous ratios of 0.001 to 0.01. Analyte recovery may suffer 


compared to conventional LLE, but the analyte concentration in the organic 
phase is greatly increased and solvent use is greatly reduced. Such extractions 
are carried out conveniently in a volumetric flask. The organic extraction 
solvent is chosen to have a density less than that of water, so that the small 
volume of organic solvent accumulates in the neck of the flask for easy removal. 
For quantitative analysis, internal standards should be used and extractions 
of calibration standards carried out. Modern autosamplers are capable of 


performing microextractions automatically on small volumes of aqueous sam- 
ples in 2-mL vials [13]. 


4.4.1.3. Problems. Some practical problems associated with LLE include: 


- Analytes strongly sorbed to particulates 
- Analytes bound to high-molecular-weight compounds (e.g., drugs to pro- 


teins) 
- Mutual solubility of the two phases 


As noted in Fig. 4.3, emulsions are a problem that can occur with certain 


samples (e.g., fatty matrices) and solvent conditions. If emulsions are not 
“broken” with a sharp boundary between the aqueous and organic phases, 
analyte recovery can be affected adversely. Emulsions can be broken by: 


- Adding salt to the aqueous phase 


-Heating or cooling the extraction vessel 
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FIGURE 4.3 Emulsion in a separatory funnel compared to a normal two-phase 
system. 


- Filtering through a glass-wool plug 

- Filtering through phase-separation filter paper 

- Adding a small amount of different organic solvent 
- Centrifuging 


If particulates are present in a sample, adsorption onto these particulates 
can result in low recovery of the analyte. In such cases, washing the particulates 
after filtration with a stronger solvent will recover the adsorbed analyte; this 
extract should be combined with the analyte phase from LLE. A stronger 
solvent for recovering adsorbed analyte may involve a change in pH, increased 
ionic strength, or the use of a more polar organic solvent. 

Compounds that normally are recovered quantitatively in LLE may bind 
to proteins when plasma samples are processed, resulting in low recovery. 
Protein binding is especially troublesome when measuring drugs and drug 
metabolites in physiological fluids. Techniques for disrupting protein binding 
in plasma samples include: 
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- Adding a detergent 


- Adding an organic solvent, chaotropic agent, or strong acid 
- Diluting with water 


-Displacing with a more strongly binding compound 


Immiscible solvents have a small but finite mutual solubility, and the mutu- 
ally dissolved solvent can change the relative volumes of the two phases. 
Therefore, it is a good practice to saturate each phase with the other so that 
the volume of phase containing the analyte can be known, allowing accurate 
and optimum determination of analyte recovery. The simplest procedure for 
saturation is to equilibrate the two phases in a separatory funnel without the 
sample, thereby saturating each phase. Aliquots of either phase can then be 
used for LLE. 


4.4.2 Solid-Phase Extraction 


4.4.2.1 SPE vs. LLE. Solid-phase extraction is the most important technique 
used in sample pretreatment for HPLC. SPE can be used in a fashion similar 


to LLE. Whereas LLE is a one-stage separation process, SPE is a chromato- 
graphic procedure that resembles HPLC and has a number of potential advan- 
tages over LLE: 


‘ More complete extraction of the analyte 
- More efficient separation of interferences from analytes 


aes ae 


- Easier collection of the total analyte fraction 
* More convenient manual procedures 


- Removal of particulates 
* More easily automated 


Because SPE is a more efficient separation process than LLE, it is easier to 
obtain a higher recovery of the analyte. LLE procedures that require several 


successive extractions to recover 99+% of the analyte often can be replaced 
by one-step SPE methods. With SPE it is also possible to obtain a more 
complete removal of interferences from the analyte fraction. Reversed-phase 
SPE feCUENAU St are most dil sarees as ony small amounts of organe solvent 


4.4.2. 6). Because erei is no need for phase eed in SPE (as in LLE), 
the total analyte fraction is easily collected, eliminating errors associated with 


are trapped by the SPE cartridge and do not pass through into the analyte 
fraction. 
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Some disadvantages of SPE vs. LLE include: 


- Variability of SPE cartridges 


= coerce i Ea 


The solvents used in LLE are usually pure and well defined, so that LLE 
separations are quite reproducible. Conversely, the solid-phase cartridges used 
in SPE tend to vary from lot to lot, so that method reproducibility is sometimes 
a concern with SPE procedures. The surface area of an LLE device (e.g., 
separatory funnel) is quite small compared with that of an SPE cartridge. For 
this and other reasons, irreversible binding of analyte (with lower recoveries) 
is less likely with LLE than with SPE. 


4.4.2.2 SPE vs. HPLC. In its simplest form, SPE employs a smalt plastic dis- 
posable column or cartridge, often the barrel of a medical syringe packed with 
0.1 to 0.5 g of sorbent. The sorbent is commonly a reversed-phase material (e.g., 


Cjg-silica), and a reversed-phase SPE (RP-SPE) resembles both LLE and 
reversed-phase HPLC in its separation characteristics. In the following discus- 
sions, we assume RP-SPE unless noted otherwise. The packing is held in the 


syringe barrel by frits, just as in an HPLC column. The particle size (> 40-~m) 
typically is larger than that in HPLC (3 to 10 um). Because of shorter bed lengths, 
larger particles, and less-well-packed beds, SPE cartridges are much less effi- 
cient (N < 100) than an HPLC column. Because of cost, irregularly shaped pack- 
ings (rather than spherical particles) are generally used in SPE. Some SPE 
disks, however, do use the more expensive, 7-um spherical SPE packings. Over- 
all, the principles of separation, phase selection, and method development for 


SPE 
between SPE and HPLC is that the SPE cartridge generally i is used once and 
discarded, since potential interferences may remain on the cartridge. 


In SPE, a liquid sample is added to the cartridge and a wash solvent is 
selected so that the analyte is either strongly retained (k >> 1) or unretained 
(k = 0). When the analyte is strongly retained, interferences are eluted or 


“washed” from the cartridge so as to minimize their presence in the final 
analyte fraction. The analyte is then eluted in a small volume with a strong 
elution solvent, collected, and either (1) injected directly or (2) evaporated 


to dryness followed by dissolution in the HPLC mobile phase. In the opposite 
case, where the analyte is weakly retained, interferences are strongly held on 
the cartridge and the analyte is collected for further treatment. By either 
approach, interferences can be removed from the analytes of interest. The 


entire SPE operation is explained in detail in Section 4.4.2.6. 
4.4.2.3 Uses of SPE. SPE is used for six main purposes in sample prepa- 


ration: 


- Removal of interferences and column killers 


- Concentration or trace enrichment of the analyte 
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- Desalting 


- Solvent exchange 
- In situ derivatization 


--Sample-storage-and transport 


Interferences that overlap analyte bands in the HPLC separation complicate 
method development and can adversely affect assay results. In some cases, a 
large number of interferences in the original sample may make it impossible 
to separate these from one or more analyte bands with a single HPLC separa- 
tion. SPE can be used to reduce or eliminate those interferences. Column 
killers such as hydrophobic substances (e.g., fats, oils, greases), polymeric 
materials, and particulates, which can either plug or deactivate the HPLC 
column, can often be removed by RP-SPE. 


SPE can be used to increase the concentration of a trace component. If an 
SPE cartridge can be selected so that k >> 1 for the analyte, a relatively large 
volume of sample can be applied before the analyte saturates the cartridge 


and begins to elute from the cartridge. The net result is a considerable increase 
in the concentration of analyte when eluted with a strong solvent (k < 1), 
which means an increase in detection sensitivity (called trace enrichment). An 


example of trace enrichment is the use of SPE to concentrate sub-parts per 
billion concentrations of polynuclear aromatic hydrocarbons [14] or pesticides 
[15] from environmental water samples using a reversed-phase SPE cartridge. 
A strong solvent (e.g., ACN or MeOH) elutes these analytes from the cartridge 
in a small concentrated volume, which saves evaporation time. The sample can 
then be redissolved in a solvent compatible with subsequent HPLC separation. 
Alternatively, a miscible weak solvent can be added to the SPE eluant to 


dilute the stronger solvent and allow direct injection of the resulting sample. 
RP-SPE can be used to desalt samples, especially prior to ion-exchange 
HPLC. Conditions of pH and %-organic are selected to retain the analyte 


initially, which allows inorganic salts to be washed from the cartridge with 
water. The analyte can then be eluted (salt free) with organic solvent [16]. 
The remaining applications of SPE (solvent exchange, in situ derivatization, 


and sample storage/transport) are either seldom used or are less relevant to 
the intended audience for this book. For details, see Refs. 16 to 18. 


4.4.2.4 SPE Devices. Several devices are used for SPE: (1) cartridge, 
(2) disk, and (3) coated fiber. The most popular configuration for an SPE 
device is the cartridge. A typical SPE disposable cartridge (syringe-barrel 


format) is depicted in Fig. 4.4a. The syringe barrel is usually medical-grade 


polypropylene, chosen for its purity. If trace levels of impurities such as 
plasticizers, stabilizers, or mold-release agents are present in the plastic used 
for-cartridges, they-can_be-extracted-_during the SPE process-and-contaminate 


the sample. The outlet of the syringe barrel normally has a Luer tip so that 
a needle can be affixed to direct effluent to a small container or vial. The frits 


maintaining the particle bed in the cartridge are of PTFE, polypropylene, or 
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Reservoir 
Polyethylene 


Medical grade fritted disk 
polypropylene (20-um) 
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Leur 
tip 
(a) 
Upper half of 
filter holder 
PTFE membrane 
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FIGURE 4.4 Design of SPE devices. (a) Disposable cartridge (syringe-barrel format); 
(b) disk with holder (courtesy of Alltech Associates); (c) SPME fused-silica fiber 
mounted on syringe plunger. 


stainless-steel construction with a porosity of 10 to 20 um to offer little flow 
resistance. SPE cartridges may vary in design to fit an automated instrument or 
robotics systems. Cartridges of glass or virgin PTFE are available for ultratrace 
analyses (subparts per billion) when the standard syringe-barrel plastics pro- 
duce unacceptable concentrations of extractable interferences. SPE cartridges 
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are relatively inexpensive, so they are generally used a single time and dis- 


carded, because of the danger of sample cross contamination. 
To accommodate a wide range of SPE applications, cartridges are also 
available with reservoir volumes (see Fig. 4.4a) of 0.5 to 10 mL, with packing 


weights of 35 mg to 2 g. For very large samples, “mega” cartridges have up 
to 10 g of packing and a 60-mL reservoir. Cartridges with a larger amount of 
packing should be used for “dirty” samples that can overload a low-capacity 
cartridge. However, cartridges containing 100 mg of packing or less are pre- 
ferred for relatively clean liquid samples where cartridge capacity is not an 
issue. In most cases, it is desirable to collect the analyte in the smallest possible 
volume (e.g., for trace analysis), which means that the SPE cartridge generally 
should also be as small as possible. 

The second most popular configuration is the SPE disk (Fig. 4.4b), which 
combines the advantages of membranes (see below and Table 4.8) and solid- 


phase extraction. Disks closely resemble membrane filters in appearance: they 
are flat, usually 1 mm or less in thickness with diameters ranging from 4 to 
96 mm. The packing in SPE disks generally comprises 60 to 90% of the total 


membrane weight. Some disks are sold individually and must be installed in 
a reusable filter holder. Others are sold preloaded in disposable holders or 
cartridges with Luer fittings for easy connection to syringes. The physical 


construction of the SPE disks differs from membrane filters. SPE disks con- 
sist of: 


- Flexible- or expanded-PTFE networks filled with silica-based or resin 
packings 
- Rigid fiberglass disks with embedded packing material 


- Packing-impregnated_polyvinyl chloride 


- Derivatized membranes 


SPE disks and cartridges differ mainly in their length/diameter (1/d ) ratio: 
disks have L/d < 1 and cartridges have L/d = 1. Compared to SPE cartridges, 
this characteristic of the disks permits higher flow rates and faster extraction 


(Table 4.8). For example, 1 L of relatively clean water can pass through a 


TABLE 4.8 Comparison of a Typical Cartridge and Typical Disk for SPE 


Parameter Cartridge Disk 
Dimensions (height and diameter) 1.1 X 1.1 cm 0.05 Xx 4.7 cm 
Cross-sectional (top) area 0.95 cm? 11.34 cm? 
Packing weight 500 mg 500 mg 

Flow at 85 kPa? 30 mL/min 100 mL/min 
Linear velocity’ 0.525 cm/s 0.15 cm/s 

* Typical flow. 


b At flow rate specified. 
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4S-mm-diameter disk in approximately 15 to 20 min, whereas 2 hr is required 


when using a 15 x 8-mm cartridge bed. Dirty water or water containing 
particulates, such as wastewater, can plug the porous disks, just as in the case 
of cartridges. In either case, prefiltering should be used prior to SPE treatment 


if the samples contain substantial particulates. Channeling, which causes un- 
even flow characteristics with subsequent lower analyte recovery, can occur 
with some cartridges. Because the packing material is embedded in the matrix, 
channeling is absent with disks. However, due to the thinness of the disk 
(typically 0.5 to 2 mm), compounds with low k values tend to have lower 
breakthrough volumes than for SPE cartridges. 

SPE disks have been found useful for environmental applications such as 
the analysis of trace organics in surface water, which often require a large 
sample volume to obtain the necessary sensitivity. The U.S. Environmental 
Protection Agency has approved SPE technology as an alternative for LLE 


in the preparation of water samples for HPLC analysis [19]. Examples of 
approved methods include procedures for phenols [20], pesticides and poly- 
water [21], and 


organochloropesticides in solid wastes [22]. A major advantage of SPE vs. 
conventional LLE is reduced consumption of organic solvents. SPE disks and 


cartridges_require—only—a_few—milhiliters—of-solvent-per—assay,_compared_to 
hundreds of milliliters for comparable multistep LLE separations. 
Low-bed-mass, rigid fiberglass disks with 1.5 to 30 mg of embedded packing 
material are useful for pretreating small clinical samples (e.g., plasma or serum 
[23]). Here, the reduced sorbent mass and cross-sectional area reduce solvent 
consumption. An advantage of this type of disk is cleaner extracts due to 
soe o ee Amae less RS Ais WEY euch com- 


Packing- iao eiaei polyvinyl chloride (PVC) disks ja Wee rovid: 
capabilities similar to those of the above-discussed PTFE disks [24]. These 


membranes have l-ym flow-through pores-that-allow-fast-separations—Al- 


though designed for protein purification, these disks can be used for other 
SPE applications as long as the solvents being used are compatible with PVC. 


Unfortunately, notas many stationary phases {i-e., ion 
are available in PVC disks as in cartridge and PTFE disk formats. 


Derivatized membranes differ from sorbent-impregnated disks in that the 


membranes are functionalized through chemical reactions. These units are 
made from cellulose derivatized with groups such as diethylaminoethyl 
(DEAE), quaternary ammonium (QAE), and sulfonylpropyl (SP), and are 
therefore useful in the ion-exchange mode. 


Coated fibers—are-used_for-solid-phase—microextraction (SPME).In-this 
design (Fig. 4.4c), a fine, solid, fused silica fiber is coated with a polymeric 
stationary phase such as a polydimethylsiloxane or polyacrylate [25,26]. The 


fiber is dipped into the solution to be analyzed, and analytes diffuse to and 
partition into the coating as a function of their distribution coefficients. The 
fiber is removed from solution and placed into the injection port of an HPLC 
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valve, where analytes are displaced with a strong solvent, analogous to the 


elution step in cartridge or disk SPE. 
For the purposes of brevity, the SPE device discussed in the remainder of 
Section 4.4 will be referred to as a typical SPE cartridge. In most cases, other 


SPE devices will perform in similarly. 


4.4.2.5 SPE Apparatus. The equipment needed to perform SPE can be 
very simple (Fig. 4.5). Gravity can be used as the driving force, but flow 
through the cartridge is extremely slow and impractical for general use. Thus, 
the most useful basic system (Fig. 4.5a) employs a syringe to push solvent or 
sample manually through the cartridge. This method may be difficult if the 
sample is viscous or contains particulates. In this case, a vacuum flask that can 
handle one cartridge at a time may be used instead (Fig. 4.5b). When several 
samples must be processed simultaneously, a vacuum manifold system for 


processing multiple cartridges at a time is recommended (Fig. 4.5c). A remov- 
able rack is located inside the vacuum manifold to hold test tubes for eluant 
collection. In some_units_a_vacuum_bleed_valve,a_flow-control valve, and_a 


gauge are incorporated to allow better control of the solvent flow. In the most 
sophisticated units, individual controls for each cartridge are provided to 


ensure that there is-an even flow 


a sidearm vacuum flask is placed between the vacuum manifold ‘and the 
vacuum source to collect rinses and wash solvent. 

Regardless of the method used to force the sample solution through the 
SPE cartridge or other SPE device, the flow rate should not be too fast. 
Otherwise, there may be an insufficient time of contact of the sample with 
the stationary phase. For typical SPE applications, a flow rate of 10 mL/min 
or less is recommended_for_most_cartridges_[27] and _50-mL/min_for—a 


90-mm disk [28]. 
When the number of samples increases, such that SPE sample preparation 
becomes—a_bottleneck,_it_becomes_feasible_to-automatethe-entire—process. 


There are three basic approaches to SPE automation: (1) dedicated SPE 
equipment, (2) modified liquid- handling systems, and (3) robotic workstations. 


SPE device 
which performs conditioning, washing, and elution. Such systems may use 
standard syringe barrel cartridges, special cartridges designed to fit the appara- 


tus, or SPE disks. Modified liquid-handling systems are used primarily to 
perform liquid-handling functions such as dilution, mixing, and internal stan- 
dard addition. Several commercial units perform automated SPE. 

Robotic systems are the most versatile in performing and assisting in sample 


a-robot-can be interfaced _to-devices that 
perform all the steps of the SPE experiment, it is usually more time- and cost- 
effective to interface the robot to a dedicated SPE workstation. The robot 


serves to move sample containers to and from the SPE workstation as well as 
to and from other sample preparation devices (e.g., balances, mixers, dilutors, 
autosamples, etc.) located on the laboratory bench. 
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FIGURE 4.5 Schematics of SPE apparatus. (a) Pressurization with syringe (single 
cartridge); (b) use of vacuum flask (single cartridge); (c) schematic of multicartridge 
vacuum manifold system. 
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4.4.2.6 SPE Method Development 


Overview of SPE Separations. The application of SPE generally involves four 
steps (Fig. 4.6a=d }: 


1. Conditioning the packing 

2. Sample application 

3. Washing the packing (removal of interferences) 
4. Recovery of the analyte 


In this discussion it is assumed that the operator is using RP-SPE and that 
the RA is to be retained initially; m mee 1 (Fig. 4. false carried out prior 
3 n by the age ofa few 


bed volumes of solvent C, typically methanol (MeOH) or séetoniielle (ACN), 
through the cartridge. The role of the conditioning step is twofold in that it 


(1) removes any impurities that may have collected while the cartridge was 
exposed to the laboratory environment, and (2) allows the sorbent to be 
solvated. Solvation is important because reversed-phase packings (especially 


Cs, Cig, or phenyl) that have been allowed to dry out often exhibit decreased 
sample retention. In addition, varying states of SPE phase dryness lead to 
nonreproducible analyte recoveries. Methanol is commonly used as condition- 
ing solvent for RP-SPE packings or polar-bonded-phase packings such as 
cyano, amino, and diol. However, MeOH should not be used for silica gel, 
which is strongly deactivated by this solvent; an intermediate-polarity solvent 
such as methylene chloride is recommended for unmodified silica. 


After the SPE packing is conditioned, the excess methanol (or other sol- 
vent) should be removed by a flow of air through the cartridge until solvent 
no longer drips from the bottom of the cartridge (step 1a; not depicted in Fig. 


4.6). However, the airflow should not be continued past this point, as this can 
affect analysis reproducibility (especially with SPE disks). If the SPE packing 


is allowed to dry out before the sample is introduced, the conditioning step 


should be repeated before proceeding. With RP-SPE separations, removal of 
excess methanol can also be accomplished by purging the cartridge with a 


solvent that is _miscible with the conditioning solvent-and the sample (e.g. 


water or a buffer). A preconditioning water wash also serves to ready the 

SPE cartridge for introduction of an aqueous sample (step 2; Fig. 4.60). 
Step 2 (Fig. 4.6b) in the SPE experiment involves sample application (load- 

ing) where the sample dissolved in a weak solvent is added to the cartridge. This 


weak solvent allows strong retention of the analyte. For RP-SPE operations, a 
weak solvent is water or buffer, with up to 10% of added organic. For ion 
exchange, a similar solvent is acceptable, but the ionic strength of the sample 


solution should be as low as possible. See Table 4.9 for further information 
on loading solvents. 
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Cartridge Cartridge 
Collection Collection 
Reservoir 
ese eN | = Interference 
A= Analyte 
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Cartridge 


Collection 


Reservoir 


FIGURE 4.6 SPE options. (a) Step 1: sorbent conditioning step; (b) step 2: sample 


= 


(d) (e) 


loading step; (c) step 3: analyte retained, interferences unretained; washed from car- 
tridge with solvent W; (d ) step 4: analyte eluted with strong solvent E; (e) interferences 


retained, analyte unretained; washed from cartridge with solvent W;. 
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TABLE 4.9 Various SPE Phases and Conditions 


Mechanism of 


Separation 


Typtcal Phases 


Structure(s) 


Analyte Type 


Loading Solvent 


Etuting Solvent 


Normal phase 


Silica, alumina, 


—SiOH, AIOH, MgSiO;, 


Slightly to moderately 


Low P’ (e.g., hexane, CHCH) 


High P’ (e.g., methanol, 


Adsorption Florisil polar ethanol) 
Polar-bonded phase Cyano, amino, diol =CN, —NH;, Moderately to strongly Low P’ (e.g, hexane, CHCH) High P’ (€.g., methanol, 
—CH(OH)—CH(OH)— polar ethanol) 
Reversed phase Octadecylsiloxane, (—CH,— )17CHg, Hydrophobic (strongly High P' (e.g., H20, CH3;O0H/ Low P' (e.g., hexane, 
Nonpolar bonded phase, octylsiloxane (—CH,—);CH, nonpolar) H,0, CH;CN/H,0) CHC1,) 


strongly hydrophobic 


(74 


Nonpolar bonded phase, — Cyclohexyl, phenyl, © Jes Moderately nonpolar High P’ (e.g HO, CH;OH/— Intermediate, (e-g., 
intermediate diphenyl > Q” Q H20, CH;CN/H20) methylene chloride, 
hydrophobicity ethyl acetate) 

Nonpolar bonded phase, Butyl, ethyl, methyt (—CH2—)3CH3, —C2Hs, “CH, Slightly polar to High P’ (e.g, HzO) to High P’ (e.g., acetonitrile, 

acetate) 
Anion exchange Amino 1°, 2°-amino (—CH,—)3NHp, lonic (ionizable), acidic Water or buffer A. Buffer (pH = pK, —2) 

‘Weak (=CH2—)3NHCH;CH2NH2 (pH = pKa +2) B. pH value where 

sorbent_or_analyte is 
neutral 

C. Buffer with high ionic 
strength 

Strong Quaternary amine (—CH,—),N*(CH5)s lonic_(ionizable),acidic___Water_or_buffer A. Buffer (pH_= pK, —2) 

(pH = pK, +2) B. pH value where 
analyte is neutral 
C--Buffer with high ionic 
strength 
Cation Exchange Carboxylic acid (—CH,—);COOH Ionic (ionizable), basic Water or buffer A. Buffer (pH = pK, +2) 
Weak (pH = pK, —2) B. pH where sorbent or 
analyte is neutral 
C. Buffer with high i 
strength 
Strong Alkyl sulfonic acid, (—CH,—)3S03H, Ionic (ionizable), basic Water or buffer A. Buffer (pH = pK, +2) 
aromatic sulfonic H (pH = pK, =2) B: pH vatue where 
acid O analyte is neutral 
C. Buffer with high ionic 


strength 
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Fhe -sample-for SPE <an 
into the cartridge. The latter method is more convenient for large sample 
volumes (> 50 mL) such as environmental water samples. The sample and 


cartridge sizes must be matched so as not to overload the capacity of the 
cartridge. The sample solution should be passed through the cartridge without 
allowing it to dry out. The flow rate need not be precise in SPE, but it can 
be adjusted by varying the vacuum or the rate at which the contents from a 
syringe is delivered. Flow rates of 2 to 4 mL/min are usually acceptable. 
Step 3 (Fig. 4.6c) provides for the removal of interferences by washing the 
cartridge with a solvent W of intermediate strength. Optimally, the wash step 
(step 3) is discontinued just before analyte begins to leave the cartridge. In 
this way, interferences that are more weakly retained than the analyte are 
washed from the cartridge, but no loss of analyte occurs. Water or a buffer 


is often used for the wash solvent in RP-SPE, but this may not provide 
maximum removal of interferences from the analyte fraction that is collected 
in step 4 (Fig. 4.6d). A small controlled amount of organic solvent may be 


added to the wash solution to aid in the removal of more hydrophobic sub- 
stances; however, care must be taken that the analyte of interest is not removed 
at the same time. Because of the variability of the SPE separation from 


cartridge to cartridge, there must be some safety margin in the volume of 
wash solvent used to remove interferences from the cartridge. The ultimate 
goal is 100% recovery of the analyte in step 4 (Fig. 4.6d ); otherwise, low and 
variable recoveries will result. 

Step 4 (Fig. 4.6d ) provides for elution and collection of the analyte fraction. 
If detection sensitivity is a major goal, the analyte should be collected in as 
small a volume as possible. This can be achieved with a strong elution solvent 


E, so that k = 0 for the analyte band during elution. Alternatively, the use 
of a weaker solvent E that still provides elution of the analyte (e.g., k ~ 1) 
will minimize the elution of more strongly retained interferences. This is an 


important consideration when late eluters are present in significant amounts, 
since these compounds may increase the required run time for the HPLC 
separation (see examples of Fig. 8.4). If an intermediate-strength elution sol- 


vent E is used with a resulting large volume of the analyte fraction, it is always 
possible to evaporate the eluant to dryness and redissolve the analyte in the 
HPLC Š 


to dryness is often required in any event, since the elution solvent E for SPE 
may be too strong a sample solvent for subsequent HPLC separation. 

It is desirable to collect the analyte fraction in an elution solvent that will 
be a weak mobile phase for subsequent HPLC separation. In this case, larger 


volumes of the analyte fraction can be injected more conveniently and with 
greater detection sensitivity. There are two ways in which this goal can be 


achieved. First, if the analyte is an acid or base, the pH of the sample can be 


adjusted to suppress analyte ionization and maximize RP-SPE retention in 
steps 2 and 3 (Fig. 4.6b and c). Elution of the analyte in step 4 (Fig. 4.6d ) 
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can then be effected by a change in pH so as to ionize the sample and reduce 


its retention. After the analyte fraction is collected, the pH of the fraction 
can be readjusted for optimum retention in the subsequent HPLC separation. 
A second approach is the use of a “weak” SPE column packing (cyano or 


short-chain alkyl), so that the elution solvent need not be so strong. In this case, 
a “strong”? HPLC column (e.g., Cig) would be used to assay the SPE fraction. 

SPE also can be used to retain impurities and allow the analyte(s) of interest 
to pass through the cartridge unretained (Fig. 4.6a, b, and e). This option does 
not provide for any concentration of the analyte in its SPE fraction. It is also 
not possible to separate the analyte from more weakly retained interferences. 
Therefore, this SPE mode usually provides dirtier analyte fractions, whereas 
the procedure of Fig. 4.6c and d allows the separation of analyte from both 
weakly and strongly retained sample components. For this reason the proce- 
dure of Fig. 4.6e is used much less often for sample pretreatment and is not 


discussed further. 


SPE- Phases._Because_SPE_is really_a_low-efficiency_adaptation_of HPLC, 


many phases used in HPLC are also available in SPE versions. Table 4.9 lists 
the more popular SPE phases and the analyte types retained by them. Bonded 


silicas-are-used-more often, but other inorganic_and polymeric materials-are 


commercially available. In addition to the phases shown in Table 4.9, specialty 
phases are available for aldehydes and ketones from air [7], the isolation of 
drugs of abuse in urine [29], and catecholamines from plasma [30]. Florisil 
(activated magnesium silicate) and alumina are used more frequently in SPE 
than in HPLC; many published methods exist [31] for the isolation of pesticides 
using Florisil. 


HPLC packings, and this probably contributes to the problem of batch-to- 
batch retention variability. Whereas basic column packings with minimal sila- 
nol interactions are-preferred_in reversed-phase HPLC (Section 5.2.1), RP- 


SPE packings will generally be more acidic, and their silanol interactions will 
tend to be more pronounced and more variable from lot to lot. However, 


because SPE is usually practiced as an on-off technique, smalt differences in 
retention are less important than in HPLC. 
An SPE packing should be selected (Table 4.9) that will retain the analyte 


strongly during sample application (Fig. 4.6c). Ionic or ionizable samples 
suggest the use of ion-exchange packings, especially since the analyte can be 
eluted with an aqueous mobile phase by a change in pH or an increase in 
ionic strength. The analyte fraction can then be injected directly into a re- 


tion and optimize its reversed-phase retention. Neutral analytes can be sepa- 
rated on either reversed- or normal-phase SPE packings. Normal-phase 


for more polar analytes, and RP-SPE packings 


are best for less polar, more hydrophobic analytes. 
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Guidelines. Before starting SPE method development, it is important to ask: 


- What is known about the sample? What are the sample-matrix and analyte 


properties {polar-or- nonpolar, solubility, acid-or- base)? Does the analyte 
have any functional groups that can be exploited to affect a sample cleanup 
step? Are they different from the matrix? 

- What is the expected analyte concentration or concentration range in 
the sample? 

- What is the composition of the matrix? Does the matrix have any func- 
tional groups that might be exploited to effect a separation? Do any 
properties of the matrix suggest that some SPE phases should be avoided? 
What are the typical pH and ionic strength of the matrix? Does the matrix 
vary from sample to sample? 


- What is the goal of sample pretreatment: Removal of interferences? 
Increased detection sensitivity? Removal of column killers? 


- Can SPE accomplish the main goal, and is it the best choice? 


Answers to these questions can facilitate SPE method development. 


An overview of SPE method development is presented in Fig. 4:7. A rough 


guide to the selection of preferred conditions is shown, based on the known 
characteristics of the analyte (water-soluble vs. organic-soluble, ionic vs. non- 
ionic, etc.). Figure 4.7 classifies all analytes into eight different groups (bottom 
boxes in Fig. 4.7), and for each group several different SPE phases and elution 
solvents are suggested. However, Fig. 4.7 is at best a rough guide to the 
selection of final SPE conditions. Other factors besides the nature of the 


analyte can be important: 


* What interferences are known to be present? 


- What is the nature of the sample solvent? 
: Is there a choice of sample solvent? 


-What is the major goal of SPE separation for this sample? 


A more empirical approach is, therefore, often followed. For example, based 


on the known characteristics of the analyte, several SPE phases are possible 
choices. Each of these phases can be tested for the retention of analytes and 
interferences, allowing a better choice of final conditions. Later in this section 
we provide an example of this approach. Some manufacturers assemble SPE 


method development kits that provide a selection of phases for testing in this 
way. To make phase and solvent selection easier, automated systems are also 
available [13,32—35]. These can be programmed to evaluate a number of SPE 


phases and eluting solvents. 
Solid-phase extraction and HPLC separation are similar, so in each case 
the same considerations affect the best choice of mobile and stationary phases. 
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(ion paired) 
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FIGURE 4.7 Overview of SPE phase and solvent selection. 
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For this reason, Chapters 2, 6, and 7 
directly to SPE method development. A literature search on SPE methods 
for similar analyte—matrix pairs may also prove useful. SPE cartridge manufac- 


turers-have published extensive bibliographies (some-in-searchable electronic 
database formats) that can help to locate publications of interest [16,36,37] 
or provide initial conditions. Also, some manufacturers provide application 
notes for the same or similar compounds, and some offer consulting services 
for SPE method development. Table 4.10 provides a partial list of manufactur- 
ers that provide SPE packings and supplies. 


INITIAL CONSIDERATIONS. Prior to selecting conditions for steps 1 to 4 (Fig. 
4.6a-d ), the SPE packing and sample solvent must be chosen. The choice of 
packing is discussed in the example later in the section, and further possibilities 
are given in Fig. 4.7 and Table 4.9. The main requirement of the packing is 


that strong retention of the analyte occurs in the solvent used to dissolve the 
sample. When the sample contains ionizable analytes such as organic acids 


or amines, a change in pH (rather than a change of solvent) can be used to 
retain and remove compounds from a RP-SPE cartridge. 
Ion-exchange packings come in two forms: strong and weak (Section 


75.1.4); strong ion-exchangers-are normally preferred if strong retention of 
the analyte is the main objective. Retention with weak ion exchangers is more 
dependent on pH; the choice of pH is a compromise between maintaining 
the ionic character of the stationary phase while ensuring that the ionic analyte 
is remains in an ionic state. For example, using a carboxylic acid weak cation 
exchanger for the separation of protonated amines, the pH must be selected 
to ensure that the amine is in its protonated form while the carboxyl group 
is negatively charged. Thus pH is a powerful variable in optimizing retention 


or in releasing retained analyte from a weak ion exchanger. 
To maximize analyte retention in step 2, the sample solvent should be a 
weak solvent for the analyte—packing combination. For reversed-phase pack- 


ings, water is the preferred sample solvent, with as little added organic as 
possible. If the analyte is an acid or base, the pH should be adjusted to 
- or other 


saturated hydrocarbon is the preferred solvent; the less polar the sample 
solvent, the better. For ion-exchange packings, the preferred sample solvent 


is water (small amounts of organic are not a problem) at the lowest possible 
ionic strength. 

When using SPE it is important to run blanks to rule out potential contami- 
nation by extractables from the cartridge body, frits, and packing materials. 
If contamination is suspected, the cartridge should be rinsed with organic 


solvent (e.g., methanol, acetonitrile) or dilute acid (e.g., 0.01 M nitric acid) 
prior to use. 


STEP 1 (CONDITIONING THE PACKING). This procedure was discussed above. 


STEP 2 (SAMPLE APPLICATION). In some cases the sample is presented as a 


solution and the question is whether to leave the sample “‘as is” or to exchange 


TABLE 4.10 Typical Suppliers of SPE Cartridges and Disks 


Product Supplier Types of Products Specialty Products 
Bakerbond EF. Baker Wide range of silica-based cartridges; 3M SPE Drugs of abuse; glass body cartridge for trace 
disks analysis 
Bond Elut Varian Sample Silica--and_polymer-based_products; 3M-SPE Drugs_of abuse; SPE-matched HPLC columns; ___ 
Preparation Products disks environmental-specific phases 
Maxi-Clean Alltech Associates OEM and house-brand products; SPE disks; Cartridges for ion chromatography sample 
polymeric cartridges cleanup; robot-compatible cartridges 
Sep Pak Waters Chromatography Wide range of cartridges, polymeric cartridges Large volume SPE cartridges for 
environmental applications, air sampling; 
specialty cartridges for EPA methods 
SupelcoClean Supelco General-purpose cartridges Drugs of abuse; solid- -phase microextraction 
HEMA Lida Polymeric-based SPE cartridges y ; ion 
chromatography cleanup cartridges 
Isolute International Sorbent General-purpose cartridges Cartridges for trace analysis 
Technology 
Clean Screen United Chemical Drugs of abuse Thin-film nt cartridges 
Technology 
Empore 3M Corp. Sorbent-embedded PTFE disks Environmental disks for specific EPA methods 


SET 
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consideration, suggesting use of the original sample solvent if possible. For 
aqueous sample solutions, RP-SPE is the preferred choice. If the sample is 


dissolved in a hydrocarbon solvent or other nonpolar organic, normal-phase 
SPE can be used. Ionic or ionizable analytes will usually be dissolved in water 
or a buffer, and either RP-SPE or ion exchange is applicable. 

The volume of sample that can be applied to the SPE cartridge depends 
on (1) the size and type of cartridge (weight of packing), (2) retention of the 
analyte in the sample solvent, and (3) the concentrations of both analyte and 
interferences in the sample. Often, it is desired to apply as large a sample 
volume as possible, to maximize the concentration of analyte in the isolated 
SPE fraction for optimum detection sensitivity in the following HPLC separa- 
tion. Although using a larger cartridge allows a larger sample volume, this 


may not affect detection sensitivity, since the maximum analyte concentration 
in the SPE fraction is determined by the sample volume/packing weight ratio. 
Therefore, when the amount of sample available is small, the smallest possible 


SPE cartridge that is not overloaded by the sample will be preferred. The 
capacity of the cartridge for analyte plus interferences is roughly 10 to 20 mg 
per gram of packing. 


Once the cartridge size has been selected, the maximum sample volume 
can be determined by applying a large volume of sample and collecting small 
fractions. The fractions are then assayed for the analyte by HPLC, to determine 
the maximum sample volume before breakthrough of the analyte. When carry- 
ing out this experiment, the analyte concentration chosen should be the maxi- 
mum value expected in the sample. (If the composition of the sample matrix 
is likely to vary, the allowable sample volume can also vary.) The final sample 


volume selected should be somewhat smaller than the value determined in 
this way, to allow for removal of impurities in step 3 without loss of analyte. 


STEP 3 (WASHING THE CARTRIDGE). The object of this step is to remove as 
much as possible of the early-eluting interferences. This goal can be achieved 
by selecting a wash solvent W that provides intermediate retention of the 


analyte [e.g., 3 < k < 10 under the conditions of separation (in the presence 
of the sample matrix)]. The analyst should use as large a volume of wash liquid 
me ibl kenan py hil nine ti ton 


the cartridge. This optimum wash-solvent volume can be determined in the 
same way that the maximum sample volume is determined (see above), by 
collecting fractions and assaying for the analyte. 

There are two approaches for determining the best composition of the 


wash solvent. First, SPE method development seldom begins before there is 
an HPLC assay for the analyte standard. If the same kind of packing is 
intended for both SPE and HPLC (e.g., reversed-phase), the HPLC retention 


data can provide an initial estimate for the composition of the wash solvent. 
If the HPLC mobile phase is 30% ACN -buffer, the analyst should start with 


30% ACN as the wash solvent.If the analyte begins to leave the column 
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before 5 to 10 cartridge volumes of wash solvent have been collected and 


analyzed [1 cartridge volume (uL) = 1 mg of packing], the wash solvent is 
too strong. Decrease % B and repeat the experiment. 
A second approach is to apply the sample, then wash the cartridge with 5 


to 10 bed volumes of successively stronger solvent (e.g., 25%, 50%, 75%, 100% 
B). Monitoring the extraction effluent at each concentration will determine 
the elution profile of the sample. 


STEP 4 (ELUTING THE ANALYTE). The object of this step is to collect all the 
analyte in the smallest possible volume while excluding as much as possible 
of late-eluting interferences and column killers. A further goal is to obtain 
the analyte fraction in a form that can be injected directly onto the HPLC 
column. As discussed previously, these various goals are mutually contradic- 
tory. The use of a very strong elution solvent (so that k = 0 for the analyte) 


minimizes sample volume but makes it less likely that a large volume of the 
analyte fraction can be injected onto the HPLC column. An elution solvent 
just strong enough to elute the analyte with some retention (e.g., k ~ 2), 


minimizes contamination of the analyte fraction by late eluters but increases 
the volume and makes it less likely that the total analyte fraction can be 
injected directly. Use of a less-polar RP-SPE packing (e.g., cyano) can mini- 


mize this problem. When late-eluting interferences are a problem, the best 
approach is elution of the analyte with 1 < k < 5. If detection sensitivity is 
critical so that all the analyte must be injected for HPLC, evaporation to 
dryness and redissolution of the analyte fraction may be required. Evaporation 
of aqueous samples is inconvenient, so lyophilization is an alternative. If 
normal-phase SPE is used, the analyte fraction will be in an organic solvent 
that is more easily removed by evaporation. Normal-phase SPE separation 


is also less likely to retain less-polar compounds that tend to elute late in 
reversed-phase HPLC. 
If the analyte is an acid or base, solvent strength in the washing and elution 


steps of RP-SPE can be adjusted by means of a change in pH, as discussed above. 
This approach makes it easier to select conditions that allow direct injection of 
the total analyte fraction without contaminating the analyte fraction with late 


eluters that will increase HPLC separation times. SPE with ion-exchange pack- 
ings is even more likely to furnish an ideal analyte fraction for subsequent HPLC 
analysis. Although silica-based HPLC columns generally should not be used 


outside a pH range of about 2 < pH < 8 (Section 5.2.3.4) because of packing 
dissolution and degradation, the one-time use of SPE cartridges allows a wider 
range of pH. The presence of a small amount of dissolved silica or hydrolyzed 
bonded phase is unlikely to interfere with subsequent HPLC analysis. If dis- 


solved silica in the analyte fractions is a problem, polymeric SPE cartridges are 
stable for 1 < pH < 14 and may be a better choice. 


Example of SPE Method Development: Isolation of Albuterol from Human 
Plasma, The isolation of albuterol (I) will be used to illustrate a typical SPE 
method development [38]. This drug is widely employed as a bronchodilator 
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in the ion of (1) in 


HOCH, So CHOH — CH— NH — C(CH,), 
HO 


(I) 


human plasma is quite low (maximum < 20 ng/mL after ingestion of an 
8-mg tablet). Albuterol (MW 239) is a polar, hydrophilic compound with 
two ionizable functional groups: a phenol (pK, = 9.4) and a secondary amine 
(pK, = 10.0). In aqueous solution it exists primarily in an ionic state at any 
pH. For these reasons, albuterol partitions poorly into organic solvents from 


aqueous solutions, and an ion-pair isolation based on LLE was attempted 
initially. At pH << 10, the addition of an anionic ion-pair reagent to a LLE 


system would be expected to ion-pair with (1) and facilitate its extraction into 


the organic phase. It was determined subsequently that ion-pair extraction 
with diethylhexylphosphoric acid gave a high recovery of analyte in the organic 
phase. However, the extract was highly contaminated with endoge 


materials and the resulting HPLC chromatograms exhibited unacceptable 
background interferences. 

SPE was tried next. There are several polar and nonpolar functionalities 
on (1) that might be exploited for SPE retention. Any of five different modes 
(nonpolar, cation exchange, anion exchange, polar, affinity) are expected to 
retain the drug. A trial-and-error investigation was carried out with these five 
modes to find an SPE wash solvent that would best remove interferences from 


the cartridge without affecting the analyte. A series of 17 different SPE phases 
from these five modes were scouted for best recovery with 23 solvent systems. 


Tritiated albuterol -was added to human control plasma to investigate the 
retention and elution characteristics. Radiochemical analysis was used to assay 
column effluents and washings for (I) by collecting fractions and radiocount- 


ing. It was found that the ease with which (I) could be eluted from the different 
SPE phases was quite variable and dependent on the stationary phase and 
the eluting solvent used. Certain eluting solvents did not elute albuterol appre- 


ciably from some of the SPE cartridges, and these solvents were noted for 
possible use as wash solvents in step 2. 

After the scouting experiments, four SPE cartridges (Table 4.11) were 
selected for further investigation. These phases appeared initially promising, 


extracts showing low levels of endogenous plasma material, good HPLC sys- 
tem compatibility, and reasonable recoveries of (1) from plasma. Two SPE 
phases (cyano, silica) proved acceptable, with the final method shown in Fig. 


4.8. Many other examples of SPE method development can be found in 
Refs. 39 to 42 and in commercial reference guides [16,36,37] devoted to this 
important sample preparation technique. 
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TABLE 4.11 SPE Results for Recovery of Albuterol from Plasma 


SPE Percent 
Cartridge Type Elution Solvent Recovery Comments on Method 
Cyano 10% 1 M NH4Ac 89 Clean extract; small volume; 
+ 90% MeOH acceptable 
Silica Same as above 94 Clean extract; small volume; 
acceptable 
Phenylboronate 0.1 M H.SO, 90 Clean extracts; small volume 
phase but elution solvent too acidic 
for HPLC system; 
unacceptable 
Cig Isopropanol 92 Extract not clean enough; trace 
enrichment not reliable; 
unacceptable 


4.4.2.7 Column Chromatography for Sample Pretreatment. Prior to the 
widespread use of SPE for sample pretreatment, similar separations were 


carried out by low-pressure or open-column_hquid chromatography (LC). LC 


is still used as a sample pretreatment technique, especially for pesticide resi- 
dues, drugs or endogenous compounds in biological fluids, and for fraction- 
ation of biomolecules on polydextran gels such as Sephadex (Pharmacia, 
Uppsala, Sweden). LC is very similar to SPE with disposable cartridges; the 
main differences are that (1) the LC column is usually considerably larger 
than a SPE cartridge, (2) the LC column is usually packed by the user, and 


(3) inorganic packings such as silica, alumina, and Florisil are used predomi- 


nantly. Some characteristics of the LC approach are summarized in Table 4.12. 


4.4.3 Membrane Separations 


Membranes are usually made from synthetic organic polymers (e.g., PTFE, 


nylon, or polyvinyl chloride), cellulose, or glass fibers. Filtration (Section 4.3.3) 
and solid-phase extraction with disks (Section 4.4.2.4) represent the major 
applications of membranes for sample preparation. Analytes can also be 


moved across a membrane by diffusion as a result of chemical or electrochemi- 
cal gradients. Ultrafiltration, reverse osmosis, dialysis, microdialysis, and elec- 
trodialysis are examples of techniques that use membranes for concentration, 
purification, and separation of analytes. 


Membranes are produced in many forms: sheet, roll, disk, capsule, cartridge, 
spiral-wound, and hollow-fiber forms. Figure 4.9 shows the use of a typical 
flat semi-permeable membrane in a flowing dialysis system. Semi-permeable 


membranes allow the passage of certain compounds but not others. Micropo- 
rous semi-permeable membranes permit selective filtration according to the 
size of their micropores. For example, molecular-weight cutoff membranes 


Cyano Bonded Silica OR 
SPE Cartridge Cartridge 


Cartridge Conditioning: 1 mL 
of Methanol 


Cartridge Conditioning: 1 mL 
of Water 


Sample Addition: 1 mL of 


Human Plasma 


Cartridge Rinse: 1 mL of 
Water 


Cartridge Rinse: 1 mL of 
Acetonitrile 


Elution: 2 mL X 99.5% MeOH + 


0.5% NH4Ac Solution 


Evaporate to dryness 


Take up residue in small 
volume of methanol 


FIGURE 4.8 Method for the isolation of albuterol from human plasma. (Reprinted 
with permission from Ref. 37.) 
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TABLE 4.12 Characteristics of Column Liquid Chromatography vs. SPE for 


Sample Pretreatment 


Advantages Disadvantages 
Easy to collect column effluent Difficult to automate; more 
cumbersome and inconvenient 
Can concentrate trace solutes from large Greater chance of sample loss (e.g., 
volume adsorption, degradation, oxidation, 
evaporation) 
Can work with two LC modes which use More time consuming 


incompatible solvents (e.g., LSC using 
hexane — RPC with water) 
More difficult to quantitate and 
reproduce 


allow passage of small molecules (i.e., drugs) while precluding passage of 
large molecules (i.e., proteins). Porous electrically charged or ion-exchange 


membranes have pore walls with fixed positive or negative charges. The pas- 
sage of ionic molecules across the membrane is governed by pore size and 
membrane charge. In Fig. 4.9 the sample solution (donor) is placed on one 
side of the membrane; on the other side is a second liquid (acceptor). In some 
cases, interferences diffuse through the membrane, leaving a purified donor 
solution. More often, the analyte passes through the membrane into the ac- 
ceptor solution, leaving interferences in the donor solution. An advantage of 


membrane separation techniques for RP-HPLC analysis is that both the donor 
and acceptor liquids are usually water or buffer. Membrane separations can 
be carried out in a static system or in a flowing system, with the latter more 


amenable to automation. 
With the exception of filtration and SPE membranes, membrane separa- 
tion techniques have not been used widely for HPLC sample preparation. 


However, for separating large macromolecules such as proteins from small 
molecules (i.e., drugs or drug metabolites), flow dialysis using a molecular- 
weight-cutoff membrane [43] can yield satisfactory results. Relative to other 


sample preparation techniques, membrane separations are slower and less 
efficient. Compared to SPE or LLE, membranes are less able to concentrate 
the analyte. Migration of neutral small molecules through a semipermeable 
membrane is the result of a difference in analyte concentration on either 


side of the membrane. Once the concentration becomes equalized, there 
is no further migration. Thus successful application of membrane techniques 
requires one of the following: 


1. The removal of analytes to maintain the differential concentration (ana- 


lyte removal is best accomplished by using a static system on the donor 
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Acceptor Membrane HPLC or Pre-column 


Sample coe p 
| 
Waste 
FIGURE 4.9 Schematic of typical application of a semimembrane in dialysis. 


side anda flowing system_on the acceptor side, with a means to trap or 
concentrate the analyte of interest) 
2. A change of chemical state of the analyte (i.e., change from uncharged 


to a charged species) 
3. The ability to use analyte recoveries << 100% (see the following ex- 
ample) 


One of the more successful applications of membranes in sample prepara- 
tion is the use of flow dialysis coupled to trace enrichment [44]. Flow dialysis 
is a membrane separation process in which the donor solution (containing the 
analyte) and the acceptor solution flow through channels that are separated 
by a semipermeable membrane, most often a molecular-weight-cutoff mem- 
brane (as in Fig. 4.9). Small molecules pass freely through the membrane, 


but molecules larger than the molecular-weight cutoff cannot penetrate. For 
systems prone to formation of emulsions (e.g., the extraction of eggs or fat- 
containing products such as milk), flow dialysis has shown to be an effective 


isolation technique that uses little or no organic solvent. Solutions with a 
high concentration of constituents such as proteins, humic substances, lipid 
macromolecules, or colloidal particles can be handled without deterioration 


of the membrane for long periods (weeks). 
Analytes bound to proteins or trapped in or onto organelles cannot cross 


over the membrane boundary. Therefore, dialysis can be a useful technique 


to measure free vs. bound concentrations of drug substances. A wide variety 
of materials ranging from highly hydrophilic cellulose acetate to hydrophobic 
synthetic polymers (e.g., polysulfone) are available to provide unique selectiv- 
ity for the membrane separation process. 


Supported-liquid membrane enrichment techniques [45] are similar to flow 
dialysis, except that a porous PTFE membrane separates the two aqueous 
solutions. The technique is a combination of dialysis and liquid-liquid extrac- 


tion. Initially, the membrane is impregnated with a water-insoluble organic 
solvent (e.g., n-undecane) and is placed in a mounting block. Compounds are 
extracted from the donor side into the membrane as a function of their 


4.4 SAMPLE PRETREATMENT FOR LIQUID SAMPLES 143 


solubility in the supported liquid, where they are then reextracted from the 


membrane into the acceptor side. A simple example of the use of this technique 
is the enrichment of a carboxylic acid from an aqueous donor solution. By 
adjusting the pH of the donor solution below the pK, value of the acid, the 


ionization of the carboxylic acid is suppressed, allowing the nonionic form to 
be extracted into the immobilized liquid on the membrane. The nonionized 
acid diffuses through the membrane to the acceptor side, which has a basic 
pH where the organic acid is extracted in its ionized form. Therefore, the 
carboxylate anion is concentrated since it no longer can reextract into the 
membrane. Enrichment factors (concentration of compound on acceptor side 
divided by concentration of compound on acceptor side) of several hundred 
can be achieved. Placing a sorbent trap or precolumn between the membrane 
device and the HPLC instrument enables the analyte to be concentrated 


concentrated analytes into an HPLC injector. Some examples of supported 
liquid membranes include the analysis of aliphatic and aromatic amines in 


urine _[46],_field-sampling -and-measurement_of_acidic_herbicides_in-natural] 


waters [47], and chlorophenols in water [48]. 
Microdialysis sampling, a specialized application of dialysis, uses small 


microprobes of fused silica tubing with a membrane at one end [49]. These 
probes can be placed in living systems (e.g., rat brain), and the diffusion of 
small organic molecules through the membrane can be monitored on-line 
by HPLC without disturbing the animal or plant. A microsyringe pump is 
used to pump the sample into a loop injector. Small microdialysis probes 
inserted into living systems allow analyte sampling studies that would be 
precluded by the use of other sample pretreatment methods. In most cases, 


no-further-sample—cleanup-is-needed,—and-dialysates-can—be—injected—di- 


rectly into the HPLC column. Microdialysis has proven useful in Dead: 
istry for in vivo studies of brain catecholamines in laboratory rats [50], i 


tissue (Sty, 
and in bioprocessing for the measurement of inositol triphosphates in a fer- 
mentation broth [52]. A disadvantage of microdialysis is that no calibra- 


tion methods exist which allow for determining accurate in vivo concentra- 
tions. 
Ultrafiltration (UF) sampling is similar to microdialysis, except that the 


driving force is flow through the membrane as a result of a pressure differential 
(10 to 100 psi) across the membrane. As in the case of dialysis, small molecules 
collect on the acceptor side. UF probes are slightly bigger than the microdia- 
lysis probes, so they cannot be accommodated as well in many living systems. 


UF membranes are available with 300 to 300,000 molecular-weight cutoffs. 


Some examples of the use of UF in sample preparation are the measurement 
of glucose in streptozocin diabetic mice [53] and the in vivo monitoring of 


acetaminophen in subcutaneous tissues [51]. 
UF membranes are also available as self-contained disposable devices for 
the hand processing of aqueous biological samples. UF separation is achieved 
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by first pouring a sample into a filter cup and then capping and applying air or 


gas pressure through the top cap. Concentrated proteins and other molecules 
greater than the cutoff rating are retained in the filter cup, while water, salts, 
and_tow-molecular-weight soluble -components—are—collected_in_the filtrate 


collection cup. Examples of UF separation membranes are low-amino-acid 
and peptide-binding, regenerated cellulose membranes with 10,000 nominal 
molecular-weight cutoff limit (NMWL) and polysulfone membranes with 
higher binding capacity for proteins with 10K, 30K, 100K, and 300K NMWL; 
both types are available from Millipore (Bedford, Massachusetts). 

Dialysis in a flowing system has also proved effective as an on-line sample 
preparation technique for the deproteination of biological samples before 
HPLC analysis. The acceptor solvent is pumped to a trace enrichment column, 
which is later backflushed into the HPLC instrument. These techniques have 
been automated and are in routine use in many laboratories [54]. 


Advantages in the use of membrane procedures over other sample prepara- 
tion techniques are: 


- The risk of overloading with sample or matrix components is negligible. 
- Most membrane processes are performed in a closed flow system that 


minimizes contamination and exposure to toxic or dangerous samples. 
- The use of organic solvents is minimal. 
- The flow system permits easy automation. 


On the other hand, membranes have disadvantages compared to other 
sample preparation methods. For example, porous membranes are prone to 
; once pores are blocked, flow_rates 


decrease and membrane effectiveness diminishes. In some cases, samples must 
be pretreated before they can be dialyzed or cleaned up using other membrane 


techniques. For example, raw milk must first be“ 


removed from meat extracts before dialysis [55]. The efficiency of dialysis 
(amount of analyte in the acceptor phase divided by the amount of analyte 


in the donor phase) generally is only in the range 5 to 10%. With stopped- 
flow technique, efficiency can be improved to 30 to 50% [56], but at the expense 
of time. However, if a rapid change in donor solution concentration occurs 


(as might be the case when sampling in a process environment), the response 
time may be too slow for practical application. 


4.5 SAMPLE PRETREATMENT FOR SOLID SAMPLES 


A sample must be in a liquid state prior to HPLC analysis. Some insoluble 


solids contain soluble analytes such as additives in a solid polymer, fats in 
food, and polyaromatic hydrocarbons in soil. Contacting the sample with 
solvent allows the extraction of analytes, following which the solvent is sepa- 
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rated from the solid residue by decanting, filtration, or centrifugation. The 


filtrate is further treated, if necessary, prior to HPLC analysis. Tables 4.3 and 
4.4 summarize some techniques used for the extraction (“leaching”) of soluble 


eck neee : 


4.5.1 Traditional Extraction Methods 


No one solvent extraction technique can be used for all samples. Table 4.3 
lists several traditional methods for the pretreatment of solid samples. Most 
of these methods (e.g., Soxhlet extraction and leaching) have been used for 
more than 100 years and are accepted by most scientists. Regulatory agencies 
such as the U.S. Environmental Protection Agency (EPA), the Food and 
Drug Administration (FDA), and their equivalents in other countries readily 
approve_these—classical_approaches _for_extracting solid_-samples.However, 


these methods often use large amounts of organic solvents, which has encour- 
aged a trend toward miniaturization. 


Solvent-extraction-can-assume-many forms.The-shake-flask-method,in 
which solvent is added to the sample followed by agitation, works well when 
the analyte is highly soluble in the extraction solvent and the sample is quite 


porous. For fast extraction, the sample should be finely divided (Section 4.3.1). 
Heating or refluxing the sample in the solvent can speed up extraction. For 
faster and more complete extraction, ultrasonic agitation (sonication) often 
allows more effective solid—liquid contact. Gentle heating also aids extraction. 
Sonication is a procedure recommended for the pretreatment of many solid 
environmental samples, such as U.S. EPA Method 3550 for extracting nonvola- 
tile and semi-volatile organic compounds from solids such as soils, sludges, 


and wastes. In this method, different extraction solvents and sonication condt-= 
tions are recommended, depending on the type of pollutants and their concen- 
tration in the solid matrix. 


In forced-flow leaching, the solid is packed into a short stainless steel column 
(e.g., 20 X 0.4 cm), and toluene is pumped under pressure (40 psi) through 
the column heated at 100 to 110°C. Results are comparable to those of Soxhlet 


extraction (below), but the extraction time is significantly reduced (e.g., 24 h 
to 0.5 h). Good recoveries of polyaromatic hydrocarbons from coal-ash sam- 
ples has been demonstrated by this technique [57]. An advantage of forced- 


flow leaching is that the sample is subjected continuously to fresh, hot solvent, 

and the effluent from the column is easily collected for further treatment. 
Soxhlet extraction has been the most widely used method for the extraction 

of solids. In this procedure, the solid sample is placed in a Soxhlet thimble 


(a disposable porous container made of stiffened filter paper), and the thimble 
is placed in the Soxhlet apparatus. Refluxing extraction solvent condenses 
into the thimble and extracts the soluble analytes (Fig. 4.10). The apparatus 


is designed to siphon the extract each time the chamber holding the thimble 
fills with solution. The siphoned solution containing the dissolved analytes 
returns to the boiling flask and the process is repeated until the analyte has 
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FIGURE 4.10 Soxhlet apparatus for the continuous extraction of solutes from solids 


(pictured with extraction thimble next to it.) 


been removed from the solid sample and concentrated in the flask. Soxhlet 
extractions are usually slow (12 to 24 h or more), but the process takes place 


unattended. The most common extractors use hundreds of milliliters of very 
pure (and expensive!) solvent, but small-volume extractors and thimbles are 
available for milligram-size samples. 

In Soxhlet extraction, fresh, hot extraction solvent is always presented to 
the sample, thus providing maximum analyte solubility. Since the flask with 


the boiling solvent accumulates the extracted analyte, it must be stable at the 
boiling point of the extraction solvent. Method development consists of finding 
a volatile solvent (e.g., boiling point < 100°C) that has a high solubility for 


the analyte and a low solubility for the solid sample matrix. As the oldest 
form of efficient extraction, Soxhlet extraction is the accepted standard for 
comparison with newer extraction technologies such as SFE, accelerated sol- 
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vent extraction, and microwave-assisted extraction. Modern Soxhlet extractors 


(Table 4.4) speed up the extraction process by a factor of 8 to 10 using 


a combination of liquid-solid extraction and traditional Soxhlet extraction. 


eventually raised above the solvent in the traditional Soxhlet fashion, where 
the last traces of analyte is extracted with fresh solvent. 


4.5.2 Newer Extraction Methods 


For many years the solvent extraction methods of Table 4.3 proved adequate 
for most laboratories. The newer methods of Table 4.4 were developed to 
address an increasing need for greater productivity, faster assays, and increased 
automation. Some of these methods are automated, more convenient versions 


of the methods of Table_4.3. Other techniques have been developed that are 


based on new principles. For the most part, these newer approaches are more 
expensive in terms of the initial purchase price but eventually result in lower 


cost per sample. 


4.5.2.1 Supercritical Fluid Extraction. The physical state of a substance 


can be described by a phase diagram that defines regions corresponding to 
the solid, liquid, and gaseous states. Points along the curves in the diagram 
define situations where there is an equilibrium between two of the phases. In 
the phase diagram for carbon dioxide (CO); Fig. 4.11), the line between liquid 
and gas has a terminus (the critical point), unlike the line between solid and 


Phase Diagram of CO2 
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FIGURE 4.11 Phase diagram for CO, (pressure-temperature). 
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liquids “Phe-cridical pontis demedi bythe etical T and eritical 


pressure P.; beyond the critical point (the supercritical region) a gas cannot 
be converted into the liquid state, regardless of pressure. A ‘Supercritical 
fluid (SF) exhibits gas-like_mass transfer propertiesand_ti 


properties, enabling it to carry out solvent extractions much more efficiently 
and rapidly than a solvent in the liquid state. Today, supercritical fluid extrac- 
tion (SFE) is widely used for the extraction of nonpolar and moderately 
polar analytes from solid matrices. Several references [58—60] describe the 
instrumentation, methods development, and applications of SFE. 

Fluids that can be used for SFE include CO7, NH3, N2O, and pentane. NO 
and pentane are flammable, and NH; is chemically reactive and corrosive. 
Therefore, CO; is used most often for SFE; it is safe, chemically inert, nontoxic, 
noncorrosive, and available in high purity at reasonable cost. CO, is easily 


and causes no disposal problems. Low- 


density supercritical CO, has the polarity of hexane (i.e., it is nonpolar). 
However, SF polarity increases with density, especially near the critical point; 


so_at_its highest density, SF-CO, resembles the_polarity_of solvents_such_as 


toluene, benzene, and ether. 
While pure CO; is able to extract a wide variety of nonpolar and moderately 


polar analytes, it is less effective for more polar compounds. In other cases, 


CO, may not be able to displace analytes that are strongly adsorbed to the solid 
matrix. The addition of a small amount (up to 10% by volume) of polar organic 
solvents (methanol, methylene chloride, acetonitrile, etc.) to CO, can enhance 
its ability to dissolve more polar analytes and displace these compounds when 
they are adsorbed to the sample matrix. The addition of organic solvents to 
CO, has a slight effect on values of T, and P., so that the temperature and 
pressure used for pure CO, may require modification. 


For environmental analysis, the U.S. EPA has approved several SFE meth- 
ods [e.g., total petroleum hydrocarbons, polyaromatic hydrocarbons (PAH), 
and organochloropesticides in soils and sludges]. SF-CO, also is an excellent 


solvent for fats, making it useful for extractions in the food industry. When 
high-fat solvent extracts contact reversed-phase HPLC mobile phases, fat can 
fn g : sais 


early column failure. Therefore, SFE can be used as a selective sample prepara- 
tion technique to remove some of these column ee 
SFE_is_also_used_to_sepa 


solvent strength (i.e., density Stepping or density PEA The a 
fractionation of hops by density-stepping SFE is one example [61]. In the area 
of polymers, the penetrating power of SF-CO, allows the extraction of polymer 
additives such as antioxidants and plasticizers in less than an hour. Such 


extractions formerly required many hours by Soxhlet or ultrasonic extraction 
methods. Pharmaceutical chemists have found SFE useful for extraction of 
drugs from tablet formulations and tissue samples. 


SFE Equipment. Figure 4.12 is a schematic of a supercritical fluid extractor. 
The essential parts include a carbon dioxide source, a pump (syringe or cooled- 
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FIGURE 4.12 Block diagram of supercritical fluid extractor. 


head reciprocating), an extraction Monaniber ate thimble) i in wher the sample 


is -placed,a V ; 
Temperature is aae BET for the pump head, the exteaction cham- 
ber, the restrictor, and the collection device. The CO, is pumped as a liquid 


and remains so until it reaches the extraction chamber, where under the 
conditions of temperature and pressure it becomes a SF. The SF passes through 
the sample in the thimble for a period of time sufficient to extract the analyte. 


Past the thimble, the SF passes through a restrictor, where it depressurizes 
and returns to a non-SF state. 

Selection of the restrictor is critical. Two types of restrictors are used 
primarily: a fixed restrictor consisting of a piece of capillary tubing, or a 
variable restrictor controlled by the user. The restrictor serves to control the 
supercritical conditions in the thimble and controls the precipitation of the 
analyte as the SF is exposed to atmospheric pressure and becomes a gas. The 


rapid expansion of the SF at this point causes Joule=Thompson cooling, and 
the restrictor must be heated to compensate for this temperature drop. Other- 
wise, the restrictor can plug if large quantities of analyte and/or matrix are ex- 


tracted. 
The analyte is collected just beyond the exit end of the restrictor (impinged 
surface) as an aerosol. Three collection (trapping) methods are used: (1) an 


empty vessel; (2) a packed trap filled with inert material such as glass or 
stainless-steel beads, SPE types of packing (20 to 40 um), or GC solid pack- 
ing materials; or (3) dissolution into a solvent. Analyte volatility determines 


the collection temperature and most favorable method for collection. For ex- 
ample, empty vessels are not well suited for collecting certain aerosols or 
high-volatility compounds since they may be swept along with the CO) gas. 
Solvent collection methods may also suffer from aerosol formation, which 


may-occur-when high-velocity COz gas passes through the liquid. A solvent 
should be selected with minimal aerosol formation and with good analyte 
solubility, which helps in more effective trapping. Cooling this solvent can aid 


m the 
require a small dispenser pump to rinse analytes into a vial. The ability to 
trap the analyte is most critical and often the most difficult step in SFE. 
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SFE Method Development. In SFE, analytes extract differently from different 


matrices. For example, different SFE extraction conditions are required for 
the same PAH found in soils, fly ash, sludges, and sand. Known analytes 


trapped within an aged soil sample are more difficult than freshly spiked 


samples to extract [62]. Three criteria govern SFE extraction from a solid 
matrix [63]: 


1. The relative attraction of the analyte to the matrix 

2. The rate at which analyte moves from the matrix into the extraction 
solvent 

3. The solubility of the analyte in the SF 


affects_all three of these 


Temperature factors and is an important variable 
in SFE method development. When high-density SF-CO, is unable effectively 
to extract the analyte of interest from the matrix, the addition of an organic 
solvent modifier can facilitate extraction by (1) 


(2) competition with the analyte for the surface of the matrix, and/or (3) 
modification of the matrix for release of the analyte. In the latter case, the 


all or part of the matrix to aid penetration 
of the SF-CO). In extreme cases, chemical reagents (such as acetic anhydride 
for phenols in soil [64]) can be added to the SF to convert the analyte to a 
more readily extractable form. 

Both polar and nonpolar solvents have been used as SF-CO, modifiers (co- 
solvents). The same general rules that guide the selection of solvent mixtures 
for non-SF solvent extraction (Section 4.4.1) can be applied to SFE as well. 


That is, both solvent polarity-(P’)-and selectivity (Section 2.3.2) are important 
in affecting analyte recovery and separation from interferences. For a good 
discussion, see Ref 58. When selecting the starting conditions for SFE, the 


kd 


polarity, solubility, volatility, pKa thermal stability, and concentration. 
Equally important are the matrix characteristics: particle size, homogeneity, 


porosity, composition, solubility, density, and so on. The matrix may also 
contain its own modifiers, such as water, fats, and/or oils. If the desired analyte 
is polar, matrix water can facilitate the extraction; fats and oils in the sample 


may have an opposite effect. 

The physical form of the matrix is important is SFE. Preliminary sample 
preparation is usually required for bulk materials (solid pellets, hard soils, 
vegetable matter): eae sieving, li mixing, or wetting (Section 4.3). 


For non-porous or sé sma 


faster extraction. In some cases a pH adjustment or addition of solvent into 
the extraction cell may aid the SFE process. Wet matrices such as sludge 


may require water removal for good recovery and reproducibility. Adding 
anhydrous sodium sulfate or diatomaceous earth to the matrix can produce 
a free-flowing powder [65]. 
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The main variables that affect CO,-SFE are pressure, temperature, flow 


rate, co-solvents, and extraction time. Pressure operates in combination with 
temperature to control the density of the SF. As pressure and density increase, 


the solvating power of the SF increases. Unlimited combinations_of tempera- 


ture and pressure can provide the same extracting SF-CO, density (g/mL). 
For thermally sensitive compounds, lower temperatures are preferred, while 
strongly bound analytes require higher temperatures. High flow rates or long 
extraction times may be necessary to remove all of the analyte from the 
extraction thimble. Low flow rates are preferable when the kinetics of the 
extraction process are slow. 

As SFE matures, numerous published methods for matrix—analyte pairs 
will become available. Often, analysts use trial-and-error methods to optimize 
extraction—collection conditions. To aid method development, Fig. 4.13 pro- 


vides a generic guide [66]; however, not every sample requires attention to 
all these steps. The method-development guide assumes that the analyst begins 
with standard samples investigated in the following order: 


- Analytes on an inert matrix (e.g., diatomaceous earth, Celite, or filter 


paper); this allows the SF solubility of the analyte to be determined. 
- Simulated samples on blank matrices (some blank matrices are offered 
as standards by commercial suppliers); alternatively, a typical clean matrix 
(as close to the actual sample as possible) should be created. 
°” Simulated samples on real matrices; when developing an SFE method, it 
is customary to compare the results to accepted preparation methods 
such as Soxhlet or liquid—liquid extraction. 


For readers interested in more detail on SFE method development, consult 
Refs. 59 and 60. 


4.5.2.2 Microwave-Assisted Solvent Extraction. With a microwave source, 


the sample plus extraction solvent are heated directly, as opposed to 
conventional heating of the extraction vessel. Two limiting forms of micro- 
wave-assisted solvent extraction (MASE) are used: (1) a microwave-absorb- 


ing (high dielectric constant) extraction solvent, or (2) a non-microwave 
absorbing (low dielectric constant) solvent. In the microwave-absorbing 
solvent approach, the sample and solvent are placed in a closed nonmicro- 
wave-absorbing vessel. Microwave radiation heats the solvent to a tempera- 


hiot } its -boili me ana e hool id id 
extraction of analyte under moderate pressure (usually a few hundred psi). 
For these higher-pressure extractions, the containers used are made of 


PTFE, quartz, or advanced composite materials that combine optimum 
chemical and temperature resistance with good mechanical properties. This 
approach has been used for the extraction of additives in polymers, vitamins 
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FIGURE 4.13 SFE method development flowchart. (Reprinted with permission from 
Ref. 66.) 
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in food, and priority pollutants (polyaromatic hydrocarbons, pesticides, 


PCBs) in soils and sediments [67-69]. 
In the nonmicrowave-absorbing solvent approach [70], the sample and 
solvent are placed in an open or closed vessel. The solvent does not become 


hot, since it absorbs little of the microwave radiation. The sample, which 
usually contains water or other high-dielectric components, absorbs the micro- 
wave radiation and releases the heated analytes into the surrounding liquid, 
which is selected for good analyte solubility. The latter approach is gentler 
because it is performed under atmospheric or low-pressure conditions and can 
be used with thermally labile analytes. Examples of the use of non-microwave- 
absorbing solvents include extractions of lipids from fish [70] and organo- 
chloropesticides from sediment samples [71]. 

MASE uses less solvent than do conventional Soxhlet or liquid-liquid 


extractions. Extraction can be controlled by a number of variables: choice of 


extraction solvent, heating time, pulsed heating vs. continous heating, stirring 
vs. no stirring, closed container vs. open container (pressure), and external 


cooling of vessel vs. no-cooling. In atypical mic 
can be extracted simultaneously for increased throughput. MASE users are not 
exposed to the (often toxic) extraction solvents; however, safety precautions 


should be exercised when dealing with microwave radiation and closed pres- 
surized containers. 


4.5.2.3 Accelerated Solvent Extraction. The extraction vessel can be heated 
in a conventional oven instead of using microwave radiation. Accelerated 
solvent extraction (ASE) (Dionex Corp., Sunnyvale, California), also known 
as enhanced solvent extraction, in closed extraction vessels uses common or- 


ganic solvents at high temperature (50 to 200°C) and pressure (150 to 2000 psi) 
to extract soluble analytes from solid samples [72,73]. Analyte recovery is 
enhanced and accelerated by the higher temperatures, and solvent volume 


can be reduced because of the high solute capacity in the heated solvents. 
The PAR apparatus used i in ASE is simila to that used: in SFE: a 


pump for 


vessels with an automated sealing mechanism | to withstand high | pressures, 
an oven tor MAE the sample compar nen and collection vials to hold 


ing Goal sample sizes 5 to 20 g); (2) ael A reduction and pressuriza- 
tion; (3) sample cell heating (under constant pressure); (4) static extraction; 
(5) transfer of extract to sealed vial with fresh vent wash of solid sample; 


(6) nitrogen _purge of cell; and_(7) loading of the sample.Once_the sample _is 


loaded into the extraction cell, the entire process is automated and time 
programmable. ASE provides unattended preparation for up to 24 samples se- 


rially. 
Typical enviromental applications of ASE include the extraction of bases, 
neutrals, and acids (BNA), polyaromatic hydrocarbons (PAHs), organophos- 
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phorus and chlorinated pesticides, and polychlorinated biphenyls (PCBs) from 


solid waste samples. Other applications include unbound fat in food and PCBs 
in animal tissue tissue [74,75]. 


4.5.3 Comparison of Methods for Extraction of Solids 


Table 4.13 provides a comparison of popular methods for the extraction of 
solids. With the exception of microwave-assisted extractions in open contain- 
ers, and SFE which uses supercritical CO,, the extraction solvents used in 
these techniques are the same. Method-development times, recoveries, and 
reproducibility for these methods are roughly equivalent. Main differences 
are in speed, organic solvent use, degree of automation, and cost. SFE method 
development takes longer because of possible matrix effects and lack of a 
thorough understanding of the effect of co-solvents on anal raction. 


However, optimized SFE methods provide recovery and reproducibility equiv- 
alent to these more conventional extraction techniques. ASE, modern Soxhlet 


and some SFE instruments have the advantage over ASE in that multiple 
extractions can take place simultaneously. All of these newer methods save 


time, abor,and 


4.6 COLUMN SWITCHING 


Column switching (also called multidimensional column chromatography, 
coupled-column ORAO P ane “boxealy E ORA EE is a a powe: 


samples. In this Approach a Paon of the EN aS fom an initial 
column (column 1) is transferred selectively to a second column (column 2) 


for further separation (see Fig. 4.t4a). Column switching (CS) is used for: 


- Removal of column killers prior to column 2 


- Removal of late eluters prior to column 2 
- Removal of interferences that can overlap analyte bands in column 2 


ee an 


- Trace enrichment 


ane achievement of one or more these Beals otten results in increased 


p n- Fhe-basie-goał-of 
CS is is to maximize the aesoh of the analyte band onto column 2 while 
minimizing the injection of interfering compounds (i.e., the same goal as in 


using SPE). 
In HPLC, CS is achieved by connecting column 1 to column 2 via a high- 
pressure switching valve. In this way, the sample is partially separated on 


TABLE 4.13 Comparise ion of Solids 
Soxhlet Soxhlet Microwave-Assisted Microwave-Assisted 
Parameter Sonication (Traditional) (Modern) SFE ASE (ESE) (CC)? (OC)? 
Sample size (g) 20-50 10-20 10-20 5-10 5-15 2-5 2-10 
Solvent volume 100-300 200-500 50-100 10-20 10-15 30 20-30 
(mL) 
Temperature Ambient-40 40-100 40-100 50-150 50-200 100-200 Ambient 
CC) 
Pressure Atmospheric Atmospheric Atmospheric 2000-4000 psi 1500-2000 psi 1500-2000 psi Atmospheric 
Time (hr) 0.5=1.0 12=24 1-4 0.5=1.0 0.2-0.3 0.2-0.3 0.1-0.2 
Degree of 0 0 ++ +++ +++ ++ ++ 
automation® 
No. samples4 High 1 6 44 24 12 12 
Cost’ Low Very low Moderate High High Moderate — ~~~ Moderate 
* Closed container. 
>©per container. 


“For the_ most complete-commercial instrument:-0,no-automa 


4 Maximum number that can be handled in commercial instruments. 


e Very low, < $1000; low, < $10,000; moderate, $10,000--20,000; high, > $20,000. 
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FIGURE 4.14 Column-switching arrangement for hypothetical sample. (a) One- 
pump system with three-way valve connecting column 1 to waste or detector; (b) same 
as (a) but valve is switched to connect column 1 and column 2; (c) two-pump version 
of (a). See the text for details. 
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column 1, and a fraction containing the analyte(s) is directed column 2 for 


final separation. CS can involve combinations of LC, GC, TEC, SFC, and 
CE. In this section, only LC-LC will be disussed. While CS is similar to the 
HPLC analysis of fractions provided by SPE (see Section 4.4.2), two major 


differences exist: 


1. SPE cartridges are used only once and discarded; column 1 in CS is 
used repeatedly, although often for fewer injections (e.g., 50 to 100) 
than for the usual HPLC column. Therefore, in CS extra washing 
steps may be required to ensure that interferences are removed from 
column 1. Otherwise, these impurities can impair the performance of 
column 1 or show up as extraneous peaks that elute from column 2 
in later analyses. 


2.-Column_1has-a higher efficiency_(d, in the range 5 to 10 4m) compared 


to an SPE cartridge (d, in the 40-um range). Thus, analyte bandwidths 
from column 1 are narrower , which allows better resolution on column 


t-compared_to—an SPE cartridge-and-cleaner samples for_easier_final 
HPLC separation. 


Table 4.14 summarizes some other advantages and disadvantages of CS. 
Before making a decision to employ CS, compare these features against 
those for off-line separation using SPE or other sample pretreatment 
(Table 4.12). 


TABLE 4.14 Characteristics of Column Switching vs. SPE plus HPLC 


Advantages 


Easy to automate, especially with 


Disadvantages 


Requires more complex hydraulics (or 


modern chromatographs 


Less chance of sample loss since 


pneumatics), switching valves, more 
expense 
Difficult to handle trace compounds 


experiment carried out in closed 
system 


Can configure switching system that 


since very dilute and in large volume; 
can compensate for by on-column 
concentration (trace enrichment) 
method 

Solvents from primary and secondary 


best suits needs (e.g., backflush, heart 
cutting, on-column concentration) 
Decreased total analysis time 


modes must be compatible both as to 
miscibility and strength requirements 


More reproducible 
Higher sample throughout 
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4.6.1 Principle of Operation 


Column switching can be carried out either manually or automatically, but 
most applications of CS are fully automated. Low-dead-volume switching 


valves—are—used, automatically—actuated by timers—or-time-programmable 


events from a microprocessor-based chromatograph. An important experi- 
mental requirement for CS is the complete transfer of analyte from column 
1 to column 2. This requires close control of the switching time. High-pressure 
switching valves are commercially available with from 2 to 10 (or more) 
ports. CS can be carried out with a single pump, but multiple pumps are 
usually prefered. 

The simplest CS system (see Fig. 4.14a) uses a single pump with a three- 
or four-port valve placed between column 1 and column 2. In Fig. 4.14a, the 
valve position allows mobile phase from column 1 to bypass column 2 and 


flow directly to waste or the detector. In Fig. 4.145 the valve position is 
changed to allow mobile phase to pass from column 1 to column 2. An 
illustration of the operation and value of CS is provided by Fig. 4.15a~c 


This hypothetical sample contains an analyte that elutes at 4.9 min in this 
chromatogram. However, late eluters require a run time of 60 min, which is 
excessive for a good method. These late eluters can be removed by means of 


the CS system of Fig. 4.14a. The same column packing is used in columns 1 
and 2 (e.g., 5-um Cg), but the length of column 1 is 3-cm and that of column 
2 is 15 cm. Because of the shorter length, the sample clears column 1 in about 
12 min (Fig. 4.155). However, the analyte is poorly resolved from adjacent 
bands with this shorter column (and smaller value of N), as indicated by the 
peaks with the arrow in Fig. 4.155. If column 1 is vented to waste prior to 
0.5 min, then connected to column 2 for 1 min, and finally vented again to 


waste for the next 10 min, a fraction (0.5 to 1.5 min) containing the analyte 
is sent to and held in column 2, while the rest of the sample is discarded. This 
analyte (arrow) fraction is further separated on column 2 [after returning the 


valve to the position shown in (b)], producing the chromatogram of Fig. 4.15c. 
The analyte now is resolved to baseline for accurate quantitation in a run 
time of about 9 min. The overall assay time is the sum_of the _run_times_in 


Fig. 4.155 and c, or about 20 min. This is much shorter than the 60-min run 
time in Fig. 4.15a@ without CS. 


Fheruntime of Fig.4.15¢ -with-CS can be shortened further if-a_ four-way 
valve is used with a second HPLC pump (Fig. 4.14c). In this way the separations 
of samples on columns 1 and 2 can be carried out simultaneously, with a 
resulting total run time of about 12 min. An important additional advantage 


from the use of two_pumps_and_simultaneous_flow through each column _is 
that pressure pulses due to abrupt changes in flow can be minimized, thus 
avoiding a possible loss of column efficiency due to void formation (Section 


5.43.4) Pressure—pulses-can—also—adversely_affeet the-detector_baseline. A 
restrictor or dummy column is used in Fig. 4.14c to equalize the pressure drop 
for either position of the four-way valve. Most practical CS systems use two 
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FIGURE 4.15 Column-switching chromatograms for hypothetical sample. (a) Sample 
chromatogram for column 1 and column 2 in series; (b) sample chromatogram with 


column t connected to detector; arrow indicates portion of chromatogram directed to 
column 2 by column switching; (c) sample chromatogram for column switching with 
column 1 and column 2. 
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pumps, since by judicious plumbing of columns and valves, a number of 


different column-switching operations can be carried out. 


Column switching is simplest and easiest to apply when the same mobile phase 
flows through each column, as in the example of Fig. 4.15. In this form of 
CS, assuming that columns of the required length are available, the major 
requirement is to select valve-switching times that allow the diversion of all 
the analyte(s) to column 2 while sending early- and late-eluting interferences 
to waste. The switching times can be determined by connecting column 1 to 
the detector, as in the dashed line of Fig. 4.14a, to obtain a corresponding 
chromatogram (as in Fig. 4.15b). For method development, it is best to inject 
the analyte standards rather than an actual sample, to avoid problems with 


band overlap or misassigned peaks. In the example of Fig. 4.155, the analyte 
band leaves column 1 between 0.9 and 1.1 min. A close control of retention 
on column 1 is not always possible, because of changes in the column with 


use, as well as the effect of other sample components on retention. Therefore, 
a wider window (0.5 to 1.5 min in this example) is usually accepted to ensure 


complete_transfer_of the-analyte to-column_2. 


The procedures of Fig. 4.14 can be extended to other applications, where 
different column packings and/or different mobile phases can be used for 
columns 1 and 2. Here, the major requirement is that the sample fraction sent 
to column 2 be in a solvent that is compatible with the mobile phase used for 
column 2. For example, an ion-exchange packing can be used for column 1 
and a reversed- -phase (RP) packing for column 2, if the mobile phase for 
buffer. In this case, an aqueous sample fraction i is sent 


to column 2, and thus the sample solvent is weaker than the organic-water 
mobile phase for column 2. Similarly, a RP cyano packing could be used for 


column Handa Cy or Cię packing for column 2, because the mobile phase 


for a cyano column will be weaker than that for a Cg or C,g column (Section 
6.2.2). The use of different packings in column 1 vs. column 2 also allows a 


, which can be used to separate 
the analyte from a large number of interferences, as might be found in very 
complex samples. An example of this approach is provided in Fig. 6.26 for 


the CS assay of parts per trillion of a herbicide in a sample of green oats. 


4.6.3 Examples of Column Switching for Sample Cleanup 


Some-samples-contain-components_that-can-damage_the-column_if the—un- 
treated sample is injected. Two rather common examples are found in pharma- 
ceutical analysis: (1) the assay of drugs in blood or plasma, and (2) the assay 


of drugs in a cream or lotion matrix. Plasma samples contain protein that can 
build up on a RPC column and quickly lead to a loss of efficiency. Cream 
and lotion formulations contain oils or waxes that are very hydrophobic and 
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are retained on RP columns quite strongly. Figure 4.16 illustrates two CS 


schemes that were designed to deal with each of these kinds of sample. 
The CS arrangement of Fig. 4.16a is used for plasma samples [76]. A Cg 
or Cig packing is used in both columns and with the valve position shown in 


part (a) the sample leaves the sample valve (II) and is washed to valve I and 
column 1 with an aqueous buffer. The analyte is retained at the inlet of column 
1 under these conditions, but protein washes through to waste. Although the 
passage of protein through column 1 leads to a loss of its efficiency, this has 
no practical impact, because column 1 serves only to “trap” the analyte. When 
the valve is rotated to the alternate position (dashed lines in Fig. 4.16a), mobile 
phase from pump 2 is diverted to valve I so as to backflush the analyte 
from column 1 onto column 2 and complete the separation. During further 
separation of the analyte on column 2, valve I is returned to its original 
position and a new sample is introduced to column 1. 


In the system of Fig. 4.165, a cream formulation serves as sample [77]. 
Column 1 contains a packing of the same bonded-phase type as in column 2 


(e.g., Cig) However, the packing in column_1 is much_less_retentive: either 


nonporous or a wide-pore, low-surface-area material. The switching valve is 
positioned for flow of mobile phase from column 1 to column 2, allowing the 


2, while-the-strongly_retained-cream 


components are held on column 1. When the analyte has left column 1, the 
valve position changes so that pump 1 sends the mobile phase directly to 
column 2 for the further separation of the analyte. In the meantime, pump 2 
backflushes column 1 to remove the cream components and prepare column 
1 for the next sample. 


4.7 DERIVATIZATION 


Derivatization involves a chemical reaction between an analyte and a reagent 
to change the chemical and physical properties of an analyte. The four main 
uses of derivatization in HPLC are to: 


1. Improve BOON 


2: 


tography 
3. Change the matrix for better separation 
4. Stabilize a sensitive analyte 


Ideally, a derivatization reaction should be rapid, quantitative, and produce 
minimal by-products. Excess reagent should not interfere with the analysis or 


should be removed easily from the reaction matrix [78-81]. 
Derivatization often is a last resort when developing a method. The intro- 
duction of a reaction pre- or post-column adds complexity plus other sources 
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of error to the analysis, and increases the total analysis time. Although these 


procedures can be automated, the analyst must ensure that the derivatization 


step is quantitative (if necessary), and that no additional impurities are intro- 
duced in the analysis. Although derivatization has drawbacks, it may still be 


required to solve a specific separation or detection problem. 


4.7.1 Detectability 


Unlike GC, where derivatization is generally used to improve the volatility 
or change the polarity of an analyte, derivatization in HPLC (with the excep- 
tion of chiral analysis in Section 4.7.3) is used predominately for the enhance- 
ment of analyte detectability. HPLC offers a wide range of separation modes 


(e normal- and reversed-phase, chiral, and ion chromatography), and types 
of stationary phases and mobile-phase modifiers that can be used to minimize 
chemisorption, adsorption, and tailing. 


The first consideration in choosing an HPLC derivatization method for 
detection enhancement is to decide which type of detection is best. In addition, 
a choice of pre- or post-column detection is needed (Section 4.7.2). Many 


classes of compounds can be derivatized (Table 4.15), including acids, alka- 
loids, amines, antibiotics, barbiturates and related compounds, hydroxy com- 
pounds, and steroids [79,82]. 

The two most common types of derivatization—the addition of a chromo- 
phore or fluorophore—allow detection of an analyte that cannot be detected 
in its normal form or to increase its sensitivity. Also, several derivatizing 
reagents permit electrochemical detection [78]. General considerations in 


choosing a derivatizing reagent are [80]: 


1. The derivatizing agent must be stable. 


2. The Aetivatizing agenta and by proonets formed paunng derivatization 


3. The analyte must be reactive with derivatizing reagent under conve- 
nient conditions. 


4. If possible, reagents should be non-toxic. 
5. The procedure should be adaptable to automation. 


Many organic reactions can be used for analyte derivatization. However, 
for routine use, the best approach is to choose the proper derivatizing reagent 


using preprepared derivatization kits with step-by-step instructions. Several 
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TABLE 4.15 Functional Group and Derivatization Reagents 


Functional Group Chromotags? Fluorotags® 
Carboxylic acids, Fatty PNBDI BrMaC 
PBPB 
Alcohols DNBC 
Dabsyl-Cl 
NIC-1 
Aldehydes, Ketones PNBA Dansyl hydrazine 
DNBA 
Amines Fluorescamine 
t° OPA 
1° and 2° DNBC NBD-Cl 
SNPA NBD-F 
SDNPA Dansyl-€l 
Dabsyl-Cl 
NIC-1 
Amino acids (peptides) SBOA Fluorescamine 
SDOBA OPA 
Dabsyl-Cl NBD-Cl 
NBD-F 
Dansy]-Cl] 
Isocyanates PNBPA 
DNBPA 
Phenols DNBC NBD-Cl 
Dabsyl-€l NBD-F 
NIC-1 Dansyl-Cl 
Fhiols Dabsyl-Cl NBD-Cl 
NBD-F 
OPA 


*Chromotag abbreviations: Dabsyl-Cl, 4-dimethylaminiazobenzene-4-sulfinyl, DNBA, 3,5- 
dinitrobenzyloxyamine hydrochloride; NIC-1, 1-naphthylisocyanate; PBPB, p-bromophenacy] 
bromide; PNBA, p-nitrobenzyloxyamine hydrochloride; PNBDI, p-nitrobenzyl-N,N’-diiso- 
propylisourea, DNBDI, 3,5-dinitrobenzyl-N,N'-diisopropylisourea, PNBPA, p-nitrobenzyl- 
N-n-propylamine hydrochloride; DNBPA, 3,5-dinitrobenzy!-N-n-propylamine hydrochloride; 


SNPA, N-succinimidyt-p-nitrophenylacetate; SDNPA, N-succinimidyl-3,5-dinitrophenylacetate; 
DNBC, 3,5-dinitrobenzyl chloride. 


7-fluoro- 


OPA, o-phthaldehyde; dansyl-Cl, 5-dimethylaminonaphthalene-1-sulfonyl chloride, BrMmC, 4- 
bromomethyl-7-methoxycoumarin; BrMaC, 4-bromomethyl-7-acetoxycoumanin. 
Source: Ref. 83. 
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reagents and derivatization methods are available from commercial sources 


(e.g., Regis Technologies, Inc., Morton Grove, Illinois, and Supelco, Belle- 
fonte, Pennsylvania). 


4.7.1.1 UV Detection. Typically, a reagent used for UV-visible detection 
will have two important functional groups. One functional group controls the 
reaction of the reagent with the analyte of interest, and the second is used 
for UV detection. The chromophore should have a large molar absorptivity, 
with an adsorption band that can be used to maximize detection and minimize 
background noise. Table 4.16 lists some of the common chromophores used 
for UV detection along with their maximum absorption wavelength and their 
molar absorption coefficient at 254 nm [80]. Reagents having a molar absorp- 
tion coefficient of 10,000 or more allow detection in the low-nanogram range 


[78]. Table 4.15 lists commercially available derivatization reagents for UV 


detection. The analyte functional groups that these will derivatize are also 
shown in this table. 


4.7.1.2 Fluorescence Detection. In addition to the considerations above for 
derivatizing reagents, fluorescent derivatization reagents require a fluorophore 


that possesses intense absorption bands and a targe quantum yield {79}. Due 


to the special properties required for strong fluorescence response, there are 
fewer fluorescent derivation reagents than there are for UV detection [78] 
(Table 4.16). An example of the selectivity of fluorescence detection is the 
derivatization of catecholamines in biological samples. The reagents that are 
commonly used for the derivatization of amino compounds do not provide 
sufficient reaction selectivity for the catecholamines. However, reactions have 


been developed with trihydroxyindole (THI), ethylenediamine (ED), and1,2- 


Wavelength of Maximum Molar Absorption 

Chromophore Absorption (nm) Coefficient at 254 nm 
Benzyl 254 200 
4-Nitrobenzy] 265 620 
3,5-Dinitrobenzy] — >10,000 
Benzoate 230 Low 
4-Chlorobenzoate 236 6,300 
4-Nitrobenzoate 254 >10,000 
2,4-Dinitrophenyl — >10,000 

236 5,400 
Anisyl 262 16,000 
Phenacyl 250 10,000 
4-Bromophenacyl 260 18,000 
2-Naphthacyl 248 12,000 


Source: Ref. 81. 
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FIGURE 4.17—Fluorogenic 
enediamine;(C)-with DPE reagent.(Reprinted with permission from Ref. 80.) 
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diphenylethylenediamine (DPE) that are highly selective for catecholamines 


(Fig. 4.17). THI provides the most selectivity but does not provide fluorescence 
with dopamine. For practical use, DPE is the best choice as the most sensitive 
tag for all the catecholemines. This method has been used to measure amines 


in human plasma (Fig. 4.18) [84]. The separation can be achieved on a RP 
column and requires a simple cleanup step with a cation-exchange solid-phase 
extraction cartridge [85]. 


4.7.2 Pre- and Post-column Derivatization 


4.7.2.1 Pre-column Derivatization. There are several advantages for pre- 
column derivatization compared to post-column derivation. Pre-column deri- 


Detector response 


Ti ; 
FIGURE 4.18 Chromatogram of DPE derivatives of catecholamines in human 
plasma. Column: TSK gel ODS-120T (5 um; 150 x 4.6-mm ID); mobile phase: ACN- 


MeOH-50 mM tris-hydrochloric acid buffer (pH 7.0) (5: 1 :4 v/v/v). Peaks with concen- 
trations (pmol/mL plasma) in parentheses: 1, norepinephrine (1.72); 2, epinephrine 
(0.56); 3, dopamine (0.21); 4, isoproterenol (internal standard, 0.5). (Reprinted with 


permission from Ref. 84.) 
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can perform the derivatization, then transfer the sample to the appropriate 
vial for analysis. Pre-column derivatization can be performed manually or 
orroboties 


offer automated pre-column derivatization. There are no time constraints on 
the kinetics of the derivatization reaction, provided that all the reagents, 
analytes, and derivatized species are stable. Finally, sample preparation proce- 
dures described in this chapter can be used to remove undesired by-products, 
sample interferences, and if necessary, change the sample solvent to be compat- 
ible with the HPLC mobile phase [79,80]. 

Some drawbacks of pre-column derivatization are the introduction of con- 
taminants and loss of analyte through adsorption, undesired side reactions, 
possible sample degradation, sample transfer, and incomplete reactions. Also, 


additional time is required for derivatization, and the added -complexity-can 


result in poorer method precision. 


4.7.2.2 Post-column Derivatization. Post-column derivatization is com- 
monly accomplished using a reaction detector where the analyte is derivatized 


after the separation but prior to detection. Reaction detector design takes 
into account the dispersion of the sample within the reaction system [79]. The 
three most common approaches to reactor design are capillary, packed bed, 
and air segmented for fast (< 1 min), slow (1 to 5 min), and slower (5 to 
20 min) reactions rates, respectively. The main advantages of post-column 
derivatization are minimal artifact formation; complete reaction is not essential 
as long as it is reproducible and the chromatography of analyte is unaffected. 

The drawbacks to post-column derivatization are band broadening for all 


but very fast reactions, and the added complexity for both method develop- 
ment and routine applications. Important considerations are the kinetic re- 
quirements (a maximum reaction time of 30 min for completion) and possible 


incompatibility between the mobile phase and derivatizing reagents. Ensuring 
reagent and mobile-phase compatability can also complicate HPLC method 


ered along with those of the separation. The best mobile phase for separation 
may be incompatible for an optimized derivatization reaction [78]. 


TABLE 4.17 Functional Groups and Their Derivatives for Chiral Analysis 


Functional Groups Derivative 

Amino groups Amides, carbamates, ureas, thioureas, sulfamides 
Hydroxyl groups Esters, carbonates, carbamates 

Carboxy groups Esters, amides 

Epoxides fsothiocyanates, olefins (chiral platinum complexes) 
Thiols Thioesters 


Source: Ref. 79. 
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TABLE 4.18 Characteristics of Chiral Analysis via Derivatization 


Advantages 
The technique has been studied 


Limitations 


For diastereomeric compounds the 


extensively and there is a wealth of 
information, making the technique 
easy and accessible. 

The methods use standard HPLC 
supports and mobile phases. 


If detection is a problem, derivatization 
for detection and separation can be 


compounds of interest must be 
isolated and then derivatized, making 
automation difficult. 

The purity of the derivatizing reagent is 
critical, since the presence of 
enantiomeric contamination can yield 
false measurement. 

Enantiomers that have different rates of 
reaction and/or equilibrium constants 


give results that do not provide the 
true enantiomeric ratios. 


accomplished in one step. 


Possible racemization of the product 
during sample processing. 


4.7.3 Chiral Analysis by Derivatization 


Unlike derivatization for nonchiral separations, the major use of chiral deriva- 
tization is to enhance the separation, not to improve detection. The separation 
of chiral compounds by non-derivative means is discussed in detail in Chapter 
12. However, the oldest method of chiral separation is derivatization [86]. 
Thus there is a wealth of information available and several functional groups 
have been derivatized, as shown in Table 4.17. Chiral derivatization has been 
applied to both reversed- and normal-phase liquid chromatography. The key 


to chiral analysis is the ability to react an optically active target molecule with 
an optically active reagent. 
There are several advantages and limitations to chiral analysis via derivati- 


zation (Table 4.18). 


TABLE 4.19 Functional Groups and Achiral Reagents* 


Functional Group Electron-Accepting CSP Electron-Donating CSP 


Carboxylic acids NMA-1 DNA 
Alcohols NIC-1 ICDNA 
DNBC 
Amines NIC-1 ICDNA 
NC-2 DBNBC 
Amino acids NC-2 DNBC 
Thiols NIC-1 ICDNA 
DNBC 


° Abbreviations in Table 4.15. 
Source: Ref. 83. 
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In_addition to the derivatization of chiral compounds, the use of achiral 


reagents can increase the selectivity of the chiral stationary phase (CSP) 
toward a chiral analyte. Some compounds do not have distinct enough binding 


sites to obtain adequate resolution on a CSP, and derivatization with achiral 
reagents allows their separation [83]. Table 4.19 (on page 169) lists the func- 
tional group and the reagent of choice as a function of the CSP that will be 
used for the separation. Further information on direct chiral separations is 
provided in Chapter 12. 
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5.1 INTRODUCTION 


The column is the heart of HPLC separation processes. The availability of a 
stable, high-performance column is essential in developing a rugged, reproduc- 


ible method. Commercial columns can differ widely among suppliers, and 
even between supposedly identical columns from a single source. Such differ- 
ences can have a serious impact on developing the desired HPLC method. 
Specifically, different columns can vary in plate number, band symmetry, 
retention, band spacing, and lifetime. In this chapter we give information about 
various column supports, stationary phases, and column packings. Problems in 
the use of columns are discussed, with appropriate remedies to ensure rugged, 
reproducible methods. We also consider the role of “good” columns in opti- 
mizing a routine HPLC procedure for best results. 

When selecting an HPLC column, most users consider column-to-column 


reproducibility as very important when developing a method [1]. Chromatog- 
raphers dislike having to redevelop HPLC methods for a new column after 
they standardize on a particular system. Several manufacturers guarantee the 


reproducibility of certain column performance criteria, such as column plate 
number (N), selectivity for certain samples and conditions, backpressure (pres- 
sure drop), and retention (k) values for 


reputation of the manufacturer for producing superior products is important 
to many users. Price is an important factor to some, but the other factors 
discussed above usually are more important in developing a rugged, satisfac- 
tory method. Column cost is only a small part of the total expense in developing 
and using a rugged, dependable HPLC method (see Section 5.3). 


5.2 CHARACTERISTICS OF COLUMNS AND 


COLUMN PACKINGS 


5.2.1 Column-Packing Particles 


Most column packings used for HPLC separations make use of a silica particle 
upper): Columns veers on Lange ee suppor o or oer materials aise 


packings are ae later in ae of their desirability for Pacula aolica 
tions. However, because of widespread use, we emphasize particles with a 
silica support and a bonded organic surface layer such as Cig or Cg [1]. 


in Fig. 5.1. Totally porous microspheres are most commonly used because of 
the favorable compromise of desired properties: efficiency, sample loading, 
durability, convenience, and availability. These particles are available in a 


variety of diameters, pore sizes, and surface areas, so that all types of HPLC 
methods can be developed with these materials. 
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STATIONARY 
PHASE 


THROUGHPORE 


MICROPELLICULAR TOTALLY 
PARTICLES MICROSPHERES 


FIGURE 5.1 Particle types for HPLC. Figures represent approximate relative sizes 


E 


of particles used. 


Micropellicular particles have a solid core with a very thin outer skin of 
interactive stationary phase. These silica-or polymer-based particles, usually 
available in 1.5- to 2.5-um sizes, display outstanding efficiency for macromole- 
cules because of fast mass transfer kinetics [2,3]. These solid ultramicroparti- 
cles have limited sample load characteristics because of low surface areas, 
thus are best suited for analysis only. Columns of these ultramicroparticles 


generate very sharp (low volume) peaks. Therefore, HPLC equipment with 


minimum extra-column band broadening is required to ensure that sharp peaks 
are not broadened unnecessarily. 


Perfusion particles contain very large pores (e.g., 4000 to 8000 A) through- 


out the support and also include a network of smaller interconnecting pores 
(e.g., 300 to 1000 A) between these large throughpores. At high flow rates, 


solutes can enter (and leave) this pore structure through a combination of 
convective (flow) and diffusion [4]. This effect minimizes band broadening, 
so that large porous particles resemble smaller particles in terms of column 


efficiency but with a fraction of the pressure drop. Experiences with this 
particle type are still quite limited, so that practical implications are incom- 
plete. However, applications appear to be best suited for the preparative 
isolation of macromolecules such as proteins. Perfusion particles are less used 


for ; 
Particle size is very important in HPLC. Particle diameters of about 
5 um represent a good compromise for analytical columns in terms of column 


efficiency, backpressure, and lifetime. Smaller porous particles (e.g., 3 wm) 
are available for faster separations. Pellicular particles as small as 1.5 um are 
useful for extremely rapid separations of macromolecules such as proteins 
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TABLE 5.1 Desired Particle Characteristics for HPLC Analytical Columns 


Feature Utility 

5-um totally porous particles Most separations 

3-um totally porous particles Fast separations 

1.5-um pellicular particles Very fast separations (especially 

macromolecules) 

+50% (from mean) particle-size Stable, reproducible, more efficient columns 
distribution with lower pressure drop 

7- to 12-nm pores, 150 to 400 m7/g Smal! molecule separations 


(narrow pore) 
15- to 100-nm pores, 10 to 150 m?/g Macromolecular separations 


(wide pore) 


[2,3]. A narrow particle-size distribution (< +50% from mean) in all materials 
ensures stable, high-efficiency packed beds with minimum pressure drop. On 


balance, columns of the 3- or 5-um totally porous microspheres meet the 
requirements for most HPLC separations, and we recommend these for most 


Table 5.1 summarizes the desired physical characteristics of particles for 
HPLC analysis and the importance of each feature. For separating small 
molecules, totally porous particles with 7- to 12-nm (70- to 120-A) pores 
typically are used. Porous particles with surface areas of 150 to 400 m?/g are 
advantageous for separating small molecules. Table 5.2 lists typical physical 
properties for some of the narrow-pore, commercially available C,g columns. 
Molecules with molecular weights greater than 10,000 Da require particles 


with pore diameters larger than 15 nm, to allow easy access of these larger 
solutes to interactive surfaces within the pore structure. In every case, the 


goal_is_rapid_solute_diffusion_within the_pores_and_good_column_efficiency. 


Pore diameters at least four times the hydrodynamic diameter of the solute 


TABLE 5.2 Physical Properties of Silica Supports for Some Cı Columns 


Surface Area Percent Volume 


Column Pore Diameter (nm) (m2/g) Porosity (mL/mL) 
Hypersil ODS 12 170 57 
LiChrosorb Cis 10 355 71 
Novapak Cj, 6 N/A‘ N/A? 
Nucleosil Cig 10 350 69 
Symmetry Cig 10 335 66 

Zorbax ODS 6 300 55 

Zorbax Rx, SB, XDB 8 180 50 


Source: Taken in part from Ref. 5. 
a N/A, not available. 
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[6]. Sada areas of wide-pore anI range from 10 to 150 50 m?/g, depending 
on pore size; wider pores mean smaller surface areas. 


5.2.1.1 Silica Packing Particles. As mentioned previously, silica-based 
packings are presently the most popular HPLC column packing materials. 
This acceptance is based primarily on the favorable physical characteristics 
of silica supports. Totally porous silica particles can be prepared with a narrow 
pore-size distribution in a wide choice of pore sizes (e.g., 8, 30, 100 nm) and 
particle sizes (e.g., 10, 5, 3 um). Thus, appropriate packings are available for 
both small and large molecules for both analytical and preparative applica- 
tions. A strong advantage of most silica particles is their high mechanical 
strength. This permits the formation of efficient packed beds that are stable 


under high operating pressures for long periods. A major advantage of silica- 
based columns is that they provide the highest column efficiency of any of 
the materials used to produce packings for HPLC. Rigid, high-strength particles 


also produce columns that exhibit lower backpressures and longer lifetimes [7]. 
Although chromatographic silica is available in both spherical and irregu- 
larly shaped particles, columns of spherical particles have some inherent ad- 


vantages. The stronger spherical particles are more easily and reproducibly 
packed into efficient columns. Columns of irregular particles can initially 
exhibit efficiency comparable to that of spherical particles of the same particle 
size, but irregular particles often develop higher backpressures during use 
(because of “fines” that may form from the fracturing of random-shaped 
particles). Larger, irregular particles are used extensively in preparative and 
process applications because of lower cost and other considerations (see Chap- 


ter 13). 
A desirable property of silica supports is that the surface can be chemically 
modified with a large variety of bonded phases having different functionalities. 


Silica-based packings are compatible with water and all organic solvents, and 
no dimensional variation (e.g., swelling) in silica packings occurs with change 


in solvents. This feature permits the formation of packed beds that are stable 


during use with various solvent types and during gradient elution. 
However, silica is not a perfect support for HPLC columns. An unfavorable 


characteristic of silica is its solubility at-_high_pH [8] For satisfactory lifetime, 


some silica-based columns (i.e., so-called “sil-gel” or xerogel types usually 
formed by the precipitation of soluble silicates) should not be used above pH 
8. However, columns based on particles formed by the aggregation of silica 
sols (called sol-gel types) allow operation to at least pH 9 [5S]. At pH > 9 the 


silica support can solubilize rapidly in some mobile phases, eventually causing 
the packed bed to collapse, with a drastic decrease in column efficiency and 


(However, when used with certain mobile phases, 


some sol-gel-based columns can be operated at pH 11 with good results; see 
Section 5.2.3.4.) Another undesirable characteristic of some silicas is a surface 


acidity that causes problems when separating basic compounds. Fortunately, 
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as discussed below, newer, highly purified silica supports are less acidic, thus 
minimizing potential problems with basic solutes. 

Spherical porous silicas for HPLC are specially synthesized by several 
different methods [9]. Figure 5.2 compares the visual appearance (surface 
topography, shape, and particle-size distribution) of some commercially avail- 
able silica particles. These materials can show different chromatographic prop- 
erties because of variations in surface area, purity, pore-size distribution, and 
surface chemistry. 

The importance of the chemical nature of the unmodified silica surface 
resulting from differences in manufacturing procedures has been discussed 
[11-14]. Hydrated silicas contain a surface layer of —SiOH (silanol groups). 
Silicas heated above 800°C lose most of these silanol groups, and such materials 
are of no value in HPLC. For optimum use, silicas for HPLC should be fully 


ZORBAX° -PSM-300 NUCLEOSIL™-7-300 


—— 
10um 
FIGURE 5.2 Transmission electron micrographs of some porous silica microparticles. 
(Reprinted with permission from Ref. 10.) 
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of about 8 aioin 
The hydrated silica surface can contain various kinds of silanol groups, as 


ilustrated-in Fig. 5.3. As shown at the top of Fig. 5.3, individual silanols exist 
as three general types (11, 13,15]. These different silanol types can be identified 
and measured by magic-angle-spinning (MAS) ?Si NMR [16] and diffuse- 
reflectance infrared spectroscopy with Fourier transform (DRIFT) [11]. Free 
or isolated (non-hydrogen-bonded) silanols generally occur in low concentra- 
tions. However, these free silanols can cause strong, deleterious binding of 
basic solutes because of their very acidic nature. Therefore, silicas with a higher 
concentration of free, more acidic silanols often show increased retention and 
broad, tailing peaks for basic samples. 

Fully hydroxylated, silica- based packings with the highest concentration of 


Fig.5.3) are most favored for the chromatog- 
raphy of basic compounds. These silica surfaces often contain a significant 
concentration of geminal silanols (Fig. 5.3), sometimes 25 to 30% of the 


total. Geminal silanols are less acidic than isolated silanols and generally 
are “friendly” for separating basic solutes. Associated or hydrogen-bonded 
silanols are in the highest concentration for the most desirable, fully hydroxyl- 


ated HPLC silicas. These less acidic silanols also are “friendly” for separating 
basic solutes. Some commercial silica packings are in a partially hydroxylated 
state [11]. Packings from these materials usually are more acidic and less 
desirable for separating basic compounds. 

The purity of the silica support is of strong concern in separating many 
polar compounds. As illustrated at the bottom of Fig. 5.3, some silicas are 
contaminated with certain metals (Fe, Al, Ni, Zn, etc.). These metal contami- 


nants can complex with chelating solutes, causing asymmetrical or tailing 
peaks, or completely retaining compounds so that elution does not occur. 
Other metals in the silica lattice (especially aluminum) activate surface silanol 


groups so that they are highly acidic [17]. Therefore, highly purified silicas 


OH HO OH OH »* OH 
| N7 | l 
— — Si —— — — Si —— — — Si Si— — 
Free silanol Geminal silanols Associated silanols 
+ OH 
M + | 
-_--- —— M — Si —— 
Surface meta! Internal metal 


(activated silanol) 


FIGURE 5.3 Surface of silica supports for HPLC. 
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TABLE 5.3 Typical Trace Element Analysis 


of Zorbax Rx-SIL Silica by ICP-AES/MS 


Element Content’ (ppm) 
Na 10 

Ca 2 

K <3 

Al 1.5 

Fe 3 

Mg 4 

Zn 1 


° Total: < 35 ppm (no other elements detected, < 1 
ppm); 99.995% silica. 
Data from Ref. 18. 


are needed for many HPLC separations, especially with basic and highly polar 


compounds. Some silicas have extremely high purity, as shown by 
in Table 5.3 for one type [5]. Tests have been reported to characterize silicas 
for chromatographic properties such as surface acidity and chelation or com- 


plexation effects {15,18}. 

Some chromatographic silicas have been ranked according to their desirabil- 
ity as supports in columns for separating basic and acidic compounds. Older, 
less-pure, more-acidic silicas (called type A silicas) can be useful for separating 
neutral and nonionizable compounds. Newer, highly purified, less-acidic silicas 
(called type B) give generally better separations and are recommended for 
separating ionic and ionizable compounds, and especially basic materials. 


Table 5.4 lists some of these newer silicas that are claimed by manufacturers 


to be useful for separating basic compounds. This is a partial list in alphabetical 
order of type B silicas for the separation of basic compounds. The list of 


Table 5.4 continues to grow rapidly as users and manufacturers recognize the 
advantage of columns made from these high-purity chromatographic silicas. 


TABLE 5.4 Some Silica-Based Supports and 
Columns Proposed for Separating Basic Compounds 


Altima RSIL 
Betasil Supelcosil ABZ + 
DeltaBond Supersphere RP 
Encapharm RP Symmetry 
Hypersil-BDS Synchropak RP-SCD 
Inertsil Techsphere-BDS 
Kromasil Vydac 

i Select B YMC-Basic 
Nucleosil AB Zorbax Rx, SB, XDB 


Source: Refs. 20 to 23. 
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Figure 5.4 compares separations for some basic drugs with C,, columns based 


on either type A or type B silica. The column with the less acidic silica support 
(type B) produces peaks with superior band shape and column efficiency. 


Large differences in retention, band spacing, and peak tailing often occur for 
separations performed with different silica supports. Techniques to minimize 
these differences are discussed in Section 7.3.3. Because of the inherent advan- 
tages of the type B silicas of Table 5.4, it is likely that most HPLC methods 
will be developed with these materials in the future (for both basic and non- 
basic samples). 


5.2.1.2 Porous Polymers. Columns packed with porous, polymeric particles 
can also be useful for developing HPLC methods. Some of these polymer 
particles (e.g., polystyrene) are hydrophobic, meaning that they can be used 


directly for reversed-phase separations without the addition of a surface 
coating. Most polymer particles for reversed-phase HPLC are made of 
divinylbenzene-cross-linked polystyrene, similar to those used for resin ion 


exchangers. Particles of other polymers, such as substituted methacrylates and 


TYPE A SILICA 


ZORBAX-ODS 
(Dimethyl-C 18) 


TYPE B SILICA 
ZORBAX Rx-C 18 
(Dimethyl-C 18) 


. Doxepin 0.125 ug 
. Desipramine 


Amitriptyline 


DETECTOR RESPONSE 


Trimipramine 


o 2 4 6 8 10 12 14 #16 8 #2 22 24 2 
RETENTION TIME, min. 


FIGURE 5.4 Comparison of tricyclic antidepressant separations with columns 


of type A and type B silica supports. Columns: 15 x 0.46 cm; mobile phase: 30% 


acetonitrile~70% 0.025 M sodium phosphate buffer, pH 2.5 + 0.2% each of triethyla- 
mine and trifluoroacetic acid; flow rate: 1.0 mL/min; 40°C; 254 nm detection; 5 pL 
injected. (Reprinted with permission from Ref. 19.) 
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polyvinyl alcohols, also are commercial but are used less frequently. Both 


totally porous and pellicular particles are available. As with silica supports, 
porous polymer particles are made yii narrow a for small solutes and 


is that they are applicable | in 1 the pH range 4 to 13. These columns can be 
used for separating highly basic solutes at high pH, where compounds exist 
in the free or non-ionized form. The use of porous polymers at high pH often 
produces good peak shape with highly basic compounds in the non-ionized 
state (free base), and Fig. 5.5 illustrates such an application. This approach rep- 
resents an alternative to ion-pair chromatography for such compounds 
(see Section 7.4 for the ion-pair separation of basic compounds), and has the 
advantage that no ion-pair agents must be maintained in the mobile phase. 
Another potential advantage i is that porous polymers have strong hydrophobic 


- „which may be useful for ade- 
quately retaining highly hydrophilic compounds. Wide-pore porous polymers 


Amplitude / 103 


Excipients 


0.00 4.00 8.00 12.00 16.00 


Retention time in minutes 


FIGURE 5.5 Chromatogram at pH 11 with porous polymer column: mexiletine with 
tablet matrix spiked with 1% of an impurity (1). Column: 12.5 x _0.4-cm Ashipak ODP- 


50; mobile phase: 28:72 (v/v) acetonitrile-water pH 11 with diethylamine; flow rate: 
0.9 mL/min; 264 nm detection; injection: 20 uL. Note larger extinction coefficient for 
impurity. (Reprinted with permission from Ref. 24.) 
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also-are-useful for separating protein samples (see Section 11.2). Because of 
their stability at high pH, porous polymers allow the purging of strongly 
retained material from the column with 0.1 M sodium hydroxide. 


Limitations of porous polymer columns are based on lower column effi- 
ciency, compared to silica-based columns with the same particle size. Published 
applications typically show less than one-half the plate number for analogous 
silica-based columns. A special problem with polymer columns is that this 
support swells differently in the presence of various organic modifiers. This 
property may contribute to the lower efficiency of polymer columns, since 
the packed bed can shift as a result of changes in particle swelling. Particle 
swelling can be more noticeable in gradient elution, where the organic solvent 
concentration changes during the separation. To minimize possible difficulties, 
some workers prefer to dedicate a polymer-based column to an isocratic 


separation with a single organic modifier. 
Stationary-phase functionality can be changed in silica-based columns so 
as to vary selectivity in reversed-phase separations (Section 6.3.3). Porous 


polymer particles modified with other functional groups such as Cis, NH,, 
and CN also can provide changes in stationary-phase selectivity. However, 


only_a few 


Modified polymer-column packings have a distinct edge for certain ion- 
exchange applications. Porous polymers (e.g., divinylbenzene-cross-linked 
polystyrene) with ionizable functional groups such as -COOH, —SO3H, NH, 
and NR,* provide the basis for separating a wide range of acidic and basic 
compounds. These column packing materials are most used for separating 
and isolating materials from biological sources. Here, high-pH operation often 
is required for some separations, and for cleaning out endotoxins and other 


biological contaminants. In such applications, porous polymers have an advan- 
tage of longer stability, compared to silica-based columns. But compared to 


silica-based-ion- exchangers, polymeric ion-exchangers-_usually-suffer fromthe 


same limitations as other polymeric column packings: lower column efficiency 
and slower separations. 


5.2.1.3 Other Inorganic Supports. Columns with other inorganic supports 
also are commercially available for developing HPLC methods. These columns 


generally are useful for specific applications because of special properties. 
However, there is much less experience with these materials than with the 
widely used silica-based and porous polymer columns. Underivatized, graphi- 
tized carbon is gaining increased acceptance as a column packing for reversed- 


phase chromatography. This material is prepared synthetically in porous 
spheres with various particle sizes. Separations with this packing are somewhat 
different than with silica-based, alkyl bonded-phase columns. The surface of 


the graphitized carbon provides the basis for retention—no other stationary 
phases is ee This column ee iS anes more retentive than alkyl 
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for separating certain geometric isomers, as illustrated in Fig. 5.6 (see also Ref. 


26). Graphitized carbon columns also are useful for retaining and separating 
one a: are too highly Daop for ea ee retention on Cis 


cals have been separated. Aa peio advantage of these columns is s that they 
are useful at any pH and temperature, since dissolution in mobile phases used 
for HPLC is not a problem. 

Limitations of graphitized carbon columns are their lower efficiency and 
higher fragility compared to silica particles. Obtaining good peak shapes can 
also be a problem with some mobile phase/solute systems, particularly for 
components with larger k values. Because of their highly retentive nature, 
graphitized carbon columns require the use of highly purified mobile phases. 
mse fend to poleer on ne column bed ang prided elute as dowanted 


formance, soa sample ean step often i is useful i in stendiig column lifetime. 
Columns of this material are available only in short lengths and are expensive. 


A variety of pore sizes are not available at this time. 
Both narrow- and wide-pore alumina particles are available for HPLC. 
Alumina is produced in different particle sizes but not in such variety as 


chromatographic silicas. Alumina particles are rather strong, so stable column 
beds can be prepared with these materials. Untreated aluminas can be used for 
normal-phase separations of weakly polar solutes (Section 6.6). For reversed- 
phase separations, the alumina support can be coated with a polymeric phase 


Response 
trans$-trans 
CiS-trans 


0 10 20 30 40 
Time (mins) 


FIGURE 5.6 Separation of cis-trans isomers on graphitized carbon column. Sample: 


antiasthma agent (LY-170680); column: 10 X 0.46-cm Hypercarb; mobile phase: 
630 mL of methanol and 320 mL of dichloromethane, plus 6.8 mL of trifluoroacetic 
acid; 1.0 mL/min; UV detector, 238 nm. (Reprinted with permission from Ref. 25.) 
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also can be performed through olefin fydrosiation on silicon hydride- 
modified alumina support [28]. However, the range of commercially available 


An advantage of alumina-based packings is that they are useful with mobile 
phases up to pH 12. Highly basic compounds can be separated using high-pH 
mobile phases without ion-pairing agents. Alumina-based packings cannot be 
used for carboxylic acid samples, because these compounds bind irreversibly 
to the alumina. Some commercial aluminas also are quite active toward basic 
compounds. Except for mobile phases with pH values above 10, alumina- 
based packings have applications quite similar to those for silica, with no 
obvious advantages. Consequently, alumina columns have not reached the 
general level of acceptance of popular silica-based units. 


Zirconia-based packings are available for HPLC columns. The preparation 
and application of both porous microspheres [29] and nonporous ultramicro- 
spheres [30] have been described. However, only columns of polymer-coated 


porous zirconia microspheres are commercially available now. These strong 
packings are useful with all known HPLC eluants throughout the pH range 
1 to 14 and at temperatures up to 100°C. The ability to operate zirconia-based 


columns at high pH permits their use for separating highly basic compounds 
in the nonionized state. This approach provides an alternative to low-pH or 
ion-pair chromatography methods that are commonly used with silica-based- 
columns for such compounds. Because developments with zirconia packings 
are recent, different particle sizes, porosities, and stationary phases are not 
now available. As a result, the important applications and advantages for 
zironia column packings over silica- and polymer-based materials are not 


yet defined. 
An experimental complication with zirconia-based columns i is that carbon 


Otherwise, the zi 


binds carbon dioxide and chromatographic properties change during use [31]. 
Another consideration is that zirconia also strongly binds fluroide, phosphate, 


and_other-hard_Lewis-acids._This_property-suggests_that the-surface—of_this 
support must be carefully preconditioned with mobile phases containing these 
anions, to ensure repeatable separations. Zirconia surfaces also strongly bind 


mixtures containing these compounds [31]. 


§.2.2 Column Configuration 


Most columns for HPLC method development use straight lengths of stainless- 
steel tubing with highly polished interior walls. Compression end fittings attach 


these columns to the HPLC apparatus. Stainless steel is useful with ali organic 
solvents and most aqueous buffers. However, chloride-containing mobile 


phases can slowly cause “halide cracking of the stainless steel (particularly 
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at low pH), so these should be used with caution. On balance, however, 


stainless-steel columns are recommended for most HPLC applications. 
Commercial columns made from glass, glass-lined stainless steel, and plastic 


also are available for special applications where samples might interact delete- 


riously with stainless steel. However, few problems of this type with stainless- 
steel columns are documented. The surface area of the column internal wall 
is quite small, so the opportunity for unwanted interaction is low. Samples 
that strongly complex with the components of stainless steel (iron, chromium, 
and nickel) are most likely to cause problems. 

Porous frits close the ends of columns and retain the packing particles. 
Typically, 2- and 0.5 wm-porosity stainless-steel frits are used for 5- and 
3-um particles, respectively. Any problems arising from stainless-steel columns 
pales can be traced to the inlet stainless- steel frit, which has a much arse 


Poor mee shaves and low sample yields aı are indications of possible frit prob- 
lems. Less-interactive porous titanium and polymer frits are available for this 


infrequent-problem. 
Glass columns, recommended by some for samples of biological origin, are 
pressure limited (e.g., < 1000 psi) and restricted in their applications. Glass- 


lined stainless-steel columns allow conventional HPLC pressures, but these 
units are somewhat fragile and require careful handing. Experiences have 
shown that glass columns rarely are needed for separating biological samples 
and that (more convenient) stainless steel columns are adequate for most 
applications. Rigid polymer (PEEK) columns with polymer fittings are avail- 
able for applications where other materials are not appropriate. These columns 
have aluminum outer shells that provide additional strength at high operat- 


ing pressures. 
Columns with soft outer polymer shells also are available. Radial compres- 
sion columns (Waters Associates) allow in situ compression of the packing 


material by application of hydraulic pressure to the radius of the column. 


These columns are available for both analytical and preparative applications. 
The advantage of this column type is lower cost and a nonmetal construction. 


However, column efficiency and column-to-column reproducibility may be 
poorer with this approach, because of potential difficulties in forming an 
optimally packed column bed. Thermostatting these columns is also awkward, 


and additional hydraulic forming devices are required to connect columns for 
longer lengths. 

Compression-fitting column types are available with the widest selection 
of different packing materials. Well-made columns of this type provide the 


highest level of performance and reproducibility. Alternatively, less-costly 
stainless-steel cartridge columns also are available in various dimensions with 
a wide range of packing materials. Cartridge columns are essentially blank 


tubes (without end fittings) filled with packing. Reusable holders or end fittings 
connect these packed tubes to the HPLC instrument. These generally less- 
costly cartridge columns are attractive for more routine measurements, partic- 
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ularly when highest performance is not required. To reduce cost, manufactur- 
ers typically do not measure the performance of individual cartridge columns. 
Instead columns are aaa DY a tandon selecnon from a L proguenon Iot 


for each init: 


Table 5.5 summarizes column configurations that are commercially avail- 
able for column packings. Analytical methods usually are best developed with 
0.46- or 0.3-cm-ID columns having particles in the range 3 to 10 um. Columns 
with 5-um particles generally give the best compromise of efficiency, reproduc- 
ibility, and reliability. Columns of 3-um particles allow faster separations or 
higher efficiency, as discussed in Section 2.3.3.1. However, a typical complaint 
about 3-um particle columns is that they have a tendency to plug more easily, 
which greatly reduces column lifetime. Columns with compression fittings are 


favored for most applications, particularly those in tonger lengths requiring 
higher operating pressures. The availability of a variety of analytical column 
lengths allow optimization for almost any application. 


Columns packed with 3.5-um particles appear to be a good compromise 
between high performance and column lifetime [32]. This particle size substan- 
tially improves performance over columns of 5-4m particles; for the same 


column length, equivalent resolution is available in one-half the separation 
time [33]. Also, higher flow rates can be used without significant loss in column 
efficiency, so that even faster separations can be performed if needed (see 
Fig. 5.18). Since 2-~4m porosity inlet frits are used in columns of 3.5-~m 
particles, these have much less tendency to plug than the 0.5-ym frits used in 
traditional columns of 3-um particles. Columns of 3.5-um particles require a 
narrow particle-size distribution with no “fines,” which results in columns 


with modest back pressures. 
Columns of 0.3 cm ID reduce solvent consumption to one-half of that of 
widely used 0.46-cm units. A fourfold decrease in solvent use occurs with 


narrow-bore columns of 0.21 cm, compared to 0.46-cm-ID columns. Microbore 
columns of <= 0.1 cm ID use even less solvent for separations, and some of 
these units are available in lengths up to 25 cm with particles in the range 3 


TABLE 5.5 Column Configurations (Stainless Steel)* 


Inner 

Type Diameter (cm) Length (cm) Particle Size (um) 
Analytical 

compression fittings 0.3~0.46 3-25 3-10 

cartridge 0.3-0.46 7.5, 10 3-10 
Microbore 0.1, 0.21 15, 25 3-8 
Semipreparative 0.8-1.0 10-25 5-20 
Preparative 2.0-5.0 10-25 5-20 


* Glass, glass-lined, plastic, and PEEK also available in some configurations. 
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to 8 wm. A major advantage of microbore columns is higher sample mass- 


detection sensitivity. These configurations are best suited for applications 
where the sample is mass (not volume) limited. Small-ID columns are espe- 
cially useful (and often necessary) when interfacing an HPLC instrument 


with mass spectrometers and other instruments requiring small solvent input 
volumes. Because of limitations in obtaining homogeneous packed beds with 
these narrow-diameter columns, plate numbers sometimes are less than that 
obtained with comparable 0.46-cm-ID columns. Also, extra-column effects are 
often of overriding importance here, and special instrument components may 
be required for acceptable results, especially for column diameters of less 
than 0.3 cm. 

As indicated in Table 5.5, semi-preparative and preparative stainless-steel 
columns with compression fittings are widely available in internal diameters 


ranging from 0.8 to 5.0 cm. (Even larger internal diameters are commercial, 


but these usually are more suited for pilot-plant and process operation.) 
pales less emicient pene (e: g., 10 to os pm) onen are packed in these 
: e is-not-as-impor- 


tant eA separating with a higher sample ine = Section 13.4). 
Not listed in Table 5.5 are packed capillary columns of fused silica with 


internal diameters-as-small-_as 50-«m.—Available froma few suppliers, these 


columns largely are used to interface with mass spectrometers and are not 
well suited for most routine applications. A typical column dimension for this 
application is 25 or 50 cm X 380 um ID. Particles used in this configuration 
generally are 3 or 5 um, but smaller particles have been reported. Special 
instrumentation is definitely required when using these columns because of 
very small peak volumes and the likelihood of extra-column peak broadening. 


5.2.3 Stationary Phases 


5.2.3.1 Bonded Silanes. Silica-based reversed-phase packings typically-are 


made by covalently bonding an organosilane or by depositing a polymeric 
organic layer on the support surface. Most widely used are packings with 


=- es using the reactions shown in Fig. 5.7. Many 
bonded-phase packings are made with monofunctional reagents, as shown in 
Fig. 5.7a. Some commercial packings use a polymerized surface layer resulting 


from the reaction of trifunctional (also sometimes bifunctional) silanes with 
the silica surface (Fig. 5.7b and c). The approach in Fig. 5.7c is typically carried 
out with R groups that would react with chlorosilanes (e.g., amino or diol 
phases). These reactions usually involve trifunctional silanes [e.g., (EtO)3— 


Si-— (€Ha)s-NHp} that are more 
Figure 5.8 shows various types of covalently bonded silanes used with silica 
supports. Figure 5.8a illustrates the lightly vertical-polymerized phase from 


the reaction of di- or trifunctional silanes. Polymeric bonded phases from such 
reactions may be more stable than monomeric phases at low pH. However, 
packings made in this manner can be more variable with respect to retention 
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kings._{(a) Reaction-of-surface-silanol 
with chlorodiniethyisilane: (b) reaction of surface silanols with trifunctional silane; 
(c) reaction of surface silanols with trifunctional alkoxysilane. 


and selectivity compared with monofunctional phases. Figure 5.8b shows an- 


other type of bonded silane surface, called horizontal polymerization. These 
materials have been reported to exhibit superior stability in low- and high- 
pH environments [35], but definitive application data regarding retention, 
stability, and reproducibility characteristics are not available. 

A wide variety of column packings with the monomeric structures illustrated 
in Fig. 5.8c and d are commercially available. The most commonly used process 
(Fig. 5.7a) involves the reaction of monofunctional chlorodimethylsilanes with 


silanol surface groups. Various alkyl and substituted alkyl silicas are made 
by this reaction, for example, n-octadecylsilane (ODS or C,s) bonded-phase 


materials. An advantage of monofunctional silane reactions as in Fig. 5.7a is 


that they are reproducible. One silanol group reacts with one silane molecule, 
producing predictable structures. Packings made by this route often exhibit 


the highest efficiency because of fast diffusion in and out of the thin stationary- 


phase layer (favorable kinetics). Available in this group are both dimethyl- 
substituted and the sterically protected structures discussed below. 


Many manufacturers attempt to densely (“completely”) react the silica 
surface with the silane. However, because of the steric bulk of the bonded- 
phase ligands, all of the silanol groups on the surface cannot be reacted. As 
shown in Table 5.6, as the chain length or bulk of the silane increases, the 


percent of reacted silanol groups decreases. Even with the smallest silane 
(trimethyl or C,), almost 50% of the silanol groups remain unreacted on the 
surface. These silanol groups are located under an “umbrella” of organic 


priate solutes. Techniques to minimize the undesired effects of residual silanol 
groups while developing reproducible and rugged methods are the subject of 


Chapter 7. 
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FIGURE 5.8 Types of Cis silane bonded phases. (Reprinted with permission from 
Ref. 34.) 


some manufacturers of columns with silane bonded phases {e-g., Cg €18) 
use a process called endcapping to fully react (silanize) the silica support 
surface. Endcapping consists of a subsequent reaction of the bonded packing 


with a small silane such as trimethyichlorosilane, dimethyldichlorosilane, or 
(less often) hexamethyldisilazane. This approach increases coverage of the 
support by reacting some residual silanol groups to minimize unwanted interac- 


tions with solutes. However, endcapping cannot completely overcome the 
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TABLE 5.6 Effect of Silane Bonded-Phase Chain Length and Bulk on Silica 


Surface Coverage 


Bonded Phase Surface Coverage (umol/m?) Reacted Silanols* (%) 
Trimethy] 41 51 
Dimethyl-3-cyanopropyl 3.6 45 
Dimethyl-n-butyl 3.5 44 
Dimethyl-n-octy] 3.2 40 
Dimethyl-n-octadecyl 2.7 34 
Triisopropyl 2.2 28 
Diisopropy]-3-cyanopropy] 2.1 26 
Diisopropyl-n-octyl 2.0 25 
Diisobutyl-n-octadecyl 1.9 25 


Source: Taken partially from Ref. 36. 


a Based on 8 pmol/m? for fully hydrolyzed, unmodified silica. 


disadvantages of an acidic silica support. Unfortunately, the small endcapping 
group can be readily hydrolyzed from the packing in reversed-phase separa- 
tions at low pH, making this approach of questionable merit for rugged, long- 


term applications at pH < 3 [36]. Studies suggest that endcapped columns 
may be more stable at intermediate and higher pH (6 to 9) because of better 
protection of the silica support against dissolution [37]. 


5.2.3.2 Other Stationary Phases. Other methods of covalently attaching 
organic stationary phases have been reported [38,39], but commercial products 


based on these procedures are not now available. As mentioned previously, 


some column packings contain stationary phases prepared by polymerizing 
various monomers on a cast ge verona neces alumina and zirconia 


zed [40, 41]. However, plumis with these bie of volyer: stationary A 
tave i not t reached a Te tevel of popularity. peeps! perator they ee no 


5.2.3.3 Retention of the Bonded Phase in RPC. The concentration of or- 


ganic stationary phase (e.g., percent carbon) for a bonded-phase packing is a 
rough guide to the level of retention provided by a particular column. The 
surface area of the bonded-phase support is a major factor; the larger the 
surface area, the greater is retention (k). For separations involving only hydro- 


phobic interactions, retention tends to increase with percent carbon, as long 
as the organic ligands are completely accessible to solutes. Solute retention 
sometimes takes place by a mixed mechanism involving hydrophobic interac- 


tions with the organic stationary phase and normal-phase interaction with the 
silanol groups on a silica support (Fig. 6.27c and related discussion). In this 
case, percent carbon will be less significant as an indicator of column retention. 
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Sample retention normally increases for bonded phases of greater length 


(Cig > Cg > C3 > Cı), but there is not much difference among longer-chain 
packings (i.e., Cg ~ Cig). Sample retention can be controlled to a limited 


extent by the choice of bonded phase, but retention changes also result from 


changes in the surface area of the column packing and the type of silica 
support used. Figure 5.9 shows k values for several neutral, basic, and acidic 
compounds on a wide variety of bonded-phase Cı and Cg columns from many 
manufacturers. Also given are the void volumes for these columns (measured 
by the unretained uracil marker), and whether the test compounds produced 
tailing peaks with the mobile phase used. The columns in this figure are 
arranged in decreasing order of retention for the neutral solute, toluene, 
representing retention only by hydrophobic interaction. The retention order 
of pee and pheno} and esas and 4- ee acid are indicative 


as line eae Tailing peaks do not akadi indicate a “bad” column, 
since the mobile phase was not optimized for these columns. The tests probes 


were chosen to show column differences -andto test column performance. 


5.2.3.4 Stability of Bonded-Phase Columns. The stability of bonded-phase 


packings is especially important in method development. Once the desired 


separation is obtained, column characteristics should remain unchanged for 
as long as possible. Good column stability minimizes the need for further 
adjustment of separation conditions or replacement of the column. When used 
under the same conditions, longer-chain alkyl-bonded-phase packings (e.g., 
Cig and Cg) are more stable than short-chain bonded phases. This feature is 
illustrated by the io in ae 5.10. bake a series oi monomeric, P RR 


acetic acid acetonitrile (pH = = 2) aden at 50°C. Following each gradient, 
the k value for a neutral solute, 1-phenylheptane, was measured isocratically 


with a t:1 mixture of 0.1% trifluoroacetic acid—water and acetonitrile. Figure 
5.10 plots % k (value of k divided by value of k at the beginning of the 
experiment) for each organic stationary phase as a function of the column 


volumes of mobile phase passing through the column. (Note: 3000 column 
volumes for a 15 X 0.46-cm column are about equivalent to 4500 mL of mobile 
phase or 2 weeks of 8-hour working days). The % k values in this figure are 


proportional to the quantity of stationary phase left in the column. The longer- 
chain Cig and Cg ligands clearly are more stable in this test (less change in 
retention because of bonded-phase loss), which is one reason these phases 
are preferred by many users. As chain length decreases, the stability of the 


stationary phase also decreases, with the Cr (trimethyl) phase being the 
least stable. 
The stability (and lifetime) of silica-based bonded-phase columns is directly 


related to the types of silica supports and bonded phases. Column stability 
also is strongly dependent on mobile-phase pH and the type of buffer and 
organic modifier used. Loss of silane bonded phases (as in Fig. 5.10) results 
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FIGURE 5.9 Retention, selectivity, and peak shape for Cs and C; columns. Columns: 
15 X 0.46 cm, except AlphaBond Cj, and and pBondapak Ci, 30 x 0.39 cm, and 
Symmetry Cig and Cg, 15 X 0.39 cm; mobile phase: 65% acetonitrile—35% 0.05 M 


potassium phosphate buffer, pH 3.2; 1.0 mL/min, UV detector, 254 nm; t, uracil; 2, 
pyridine; 3, phenol; 4, N,N-dimethylaniline; 5, 4-butylbenzoic acid; 6, toluene. (Re- 


printed with permission from Alltech Associates, Inc.) 
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FIGURE 5.10 Effect of silane chain length on bonded-phase stability at pH 2. Col- 
umns: 15 X 0.46 cm; test: 0.1% trifluoroacetic acid—acetonitrile gradient, 0 to 100% in 
80 min, flow rate: 1.0 mL/min; measurement: k of 1-phenylheptane at 50% acetonitrile- 
water with 0.1% trifluoroacetic acid; 50°C. (Reprinted with permission from Ref. 36.) 


from hydrolysis of the Si—O— Si bond that binds the silane to the support. 
This degradation is accentuated at higher temperatures, low pH, and highly 


(see Section 7.3). As mentioned previously, polymerizing the silane stationary 
phase improves the stability of the bonded phase at low pH; however, column 


reproducibility may be compromised. 
Another way to improve the stability of silane stationary phases at low pH 
is to use sterically protected functional groups [36,42,43]. Bulky monomeric 


silanes can minimize the hydrolysis of a silane convalently attached to the 
silica support, as illustrated in Fig. 5.11. Each Si-O —Si bond is individually 
protected because of the size of the two isobutyl groups attached to the silane 
Si atom. The use of sterically protecting functional groups is well known in 


solution chemistry, and this concept has been extended to the surface of 
chromatographic packings. Because of the steric bulk of the sterically protect- 
ing silane groups (e.g., diisopropyl, diisobutyl), packings made with this ap- 


proach contain less carbon (lower surface coverage) and exhibit less retention 
than the conventional dimethy]l-substituted bonded phases, as suggested by 
data in Table 5.6. 
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Sterically Protected Silane 
Resists Hydrolysis 


Unprotected Sterically 
Bonded Protected 
Phase BondedPhase 
o—Ssi—C,, 
O— Si —C, 
OH 
O 
O — Si — C, 
O — Si —C. 


FIGURE 5.11 Hydrolysis of Si— O— Si bond of silane bonded phases. (Reprinted 


with-permission from Ref.-44.) 


The higher stability of sterically protected silica-based stationary phases is 


illustrated in Fig. 5.12, which compares different commercial Cı column pack- 
ings tested under highly aggressive conditions. Diisobutyl-C;g columns made 


with both 8- and 30-nm pore size silica support show essentially no change in 
relative toluene retention after purging with more than 27,000 column volumes 
of a methanol-1% trifluoroacetic acid (pH = 0.9) mobile phase at 90°C. 


SENAY T n sees are oe userul wun short- chain 


sis. Figure 5.13 sonon the. stability of 3- anO aE (CN) P for 
monomeric dimethyl- and diisopropyl-substituted bonded silanes (pH 2.0, 


50°C). The higher stability of sterically protected bonded phases is especially 
useful for maintaining stable and reproducible separations of biologicals such 
as peptides and proteins (Section 11.2). For these separations, the mobile phase 
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FIGURE 5.12 Silane bonded-phase degradation at low pH, high temperature. Col- 
umns: 15 X 0.46 cm; mobile phase: 50% methanol-—water + 1.0% trifluoroacetic acid 


(pH = 0.9); flow rate: 1.0 mL/min: 90°C; test with toluene as in Fig. 5.10. (Data taken 
with permission partly from Ref. 34.) 
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FIGURE 5.13 Comparison of stability for short-chain cyano-bonded phases. Col- 
umns: 15 x 0.46 cm; mobile phase: 28 : 72 acetonitrile—0.1% trifluoroacetic acid adjusted 
to pH 2.0 with triethylamine; flow rate: 1.0 mL/min; 50°C. 
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is usually maintained at a low pH (typically, pH ~ 2), and it is often desirable 
to carry out such separations at higher temperatures (see Ref. 45 and Sec- 


tion 11.2). 
at low pH (pH = 3; see 


Chapter 6), some separations are performed at higher pH because: 


1. Compounds of interest are unstable at low pH. 

2. Needed selectivity is not available at low pH (and a pH change must 
be used). 

3. Protonated (hydrophilic) basic compounds are too poorly retained at 
low pH. 


at pH > 8 because of rapid dissolution of the silica Support and a resulting 
collapse of the column bed. Studies with higher pH mobile phases have shown 


thatthe Si—O— Si group connecting the silane-to the silica supportis slowly 
(if at all) attacked [5,34]. Rather, loss of silane bonded phase with higher 
pH mobile phases apparently is caused by dissolution of the silica support. 


In this way, bonded silane is undermined and ultimately falls from the 
surface. 

Other studies suggest that column degradation at high pH is highly 
dependent on the type of silica support and the nature of the silane 
stationary phase [5,37,46]. For example, the data in Fig. 5.14 show that 
densely bonded dimethyl-C,3 phases on certain highly purified silicas (open 
symbols) exhibit unusual stability at pH 9, based on changes in column 


(Since k values -for-bonded-phases -decrease-only 
slowly with aging at high pH, retention is a less accurate measure of 
column stability. Plate height and peak symmetry are better guidelines.) 


The data in Fig. 5.14 and other reports suggest that silica supports made 
by the sol-gel process (i.e., aggregation of silica sols) are useful up to at 
least pH 9 with certain mobile phases. Columns of fully reacted, endcapped 


alkyl bonded phases on sol-gel silicas can be routinely used up to at least 
pH 11, providing organic buffers and < 40°C operation are maintained 
[46,46a]. On the other hand, packings with silicas made by the silicate-gel 


process (gelation of soluble silicates—solid symbol in Fig. 5.14) degrade 
more rapidly [5]. 

Degradation of silica-based columns at intermediate and high pH is mini- 
mized by using endcapped column packings [37,46a]. Apparently, the added 


reaction of silanol groups by small endcapping silanes creates a more effective 
hydrophobic barrier that retards dissolution of the silica support. Figure 5.15 
shows that the k increase of a strongly basic drug, trimipramine, for an end- 


capped Cg column in much lower than that for a comparable non-endcapped 
Cg column when both were purged with a strongly aggressive pH 7 phosphate 
mobile phase at 60°C. These results indicate that acidic silanol groups exposed 
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FIGURE 5.14 Stability of Cı columns at pH 9. Columns: 15 Xx 0.46 cm; mobile phase: 


1:1 acetonitrile—0.01 M phosphate, pH 9.0; solute: N, N’-dimethylaniline; flow rate: 1.0 mL/ 


min; 22°C. (Reprinted with permission from Ref. 34.) 
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FIGURE 5.15 Comparative stability of non-endcapped and endcapped Cx columns. 
Columns: 15 XxX 0.46 cm, dimethyl-Cg and double-endcapped dimethyl-Cg (Zorbax 
XDB-C8) purge: 20% methanol-80% 0.25 M sodium phosphate buffer, pH 7.0; 60°C; 
1.0 mL/min; test: 60% acetonitrile-40% sodium phosphate buffer, 0.01 M, pH 7.0; 
1.5 mL/min; 40°C. (Reprinted with permission from Ref. 37.) 


by dissolution of the silica support surface by this mobile phase caused addi- 


tional retention of the basic drug. This undesirable effect was inhibited by 


endcapping groups on the endcapped column. 
The rate of degradation for silica-based columns at intermediate and 


high_pH—also—is—strongly—influenced—by—the—mobile—phase—used—and—the 
operating temperature [46,46b]. Therefore, steps should be taken to reduce 
the rate of solubility of the silica support used for bonded-phase columns. 


studies at intermediate and high pH have shown that the approaches in 
Table 5.7 should be followed for developing rugged HPLC methods at pH 
7 or greater [5,46]. 


Although further studies_are _needed_to_better_define the-conditions_and 


limits of high-pH operation with silica-based columns, it is now clear (utilizing 
the conditions listed above) that certain silica-based columns can be used 


routinely at pH 9 -and-even higher pH. Figure-5.16 shows that the solubility 
of a silica-based C,, bonded-phase column is measurably decreased (and 
column lifetime increased) by using borate or glycine buffers (also other 
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TABLE 5.7 Approaches for Developing Rugged Methods at pH 7 or Greater 


Use densely bonded (full reacted) long-chain alkyl stationary phases (Cis, Cg, etc.) 
for best column lifetime. 


Use silica supports made from the sol-gel process (Hypersil, Kromasil, Spherisorb, 
Zorbax) to minimize silica support degradation. 

Use organic, citrate, and borate buffers to minimize silica support dissolution (avoid 
phosphate, ammonium, and carbonate, if possible). 

Maintain buffer concentration at 0.01 to 0.05 M. 

Set column temperature at = 40°C. 

Use buffer cations Lit > Na’ > K* > NH4 for best column stability. 

Use endcapped columns for greater column stability. 

Add basic mobile-phase modifier (e.g., triethylamine) for superior long-term 
separation reproducibility. 


organic-based buffers) rather than commonly used carbonate and phosphate 
buffers. Columns with silica supports made by aggregating silica sols (Zorbax, 


Hypersil, Spherisorb, Kromasil) are much more stable at intermediate and 
higher pH than are those prepared from conventional chromatographic silicas 
Ar ihe on 


Densely bonded and carefully endcapped alkyl-bonded columns made from 
sol-based silicas can be used routinely to at least pH 11, provided that appro- 
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FIGURE 5.16 Effect of pH 10 buffer anions on silica support dissolution. Columns: 


Zorbax Rx-C18, 15 X 0.46 cm; continuous nonrecycled purge: 50% methanol—50% 
0.1 M buffers, pH 10; 1.0 mL/min; 25°C. Dissolved silica by silicomolybdate color 
reaction. (Reprinted with permission from Ref. 46.) 
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priate operating conditions are used (37,46a]. High-pH conditions are favor- 


able for separating basic compounds, since they are in a free, non-ionic state. 
Also, with silica-based columns, unreacted silanol groups are totally ionized 
at high pH, creating a less interactive surface than at intermediate pH where 


silanol groups can be only partially ionized. However, for high-pH operation 
with silica-based columns, certain operating conditions apparently must be 
used to minimize silica support dissolution: 


- Less-soluble supports made from sol-gel silicas 

- Densely bonded, highly endcapped packings with longer-chain alkyl li- 
gands 

- Organic or borate buffers (avoid phosphate and carbonate!) 

- Operating temperature of = 40°C 


Figure 5.17a shows the initial separation of a mixture of strongly basic B- 
blocker drugs (pK, = 9.5 to 9.7) for a densely bonded and endcapped Cg 


column, using the above conditions. Figure 5.17b shows the same column after 
about 31,000 column volumes of a pH 11 mobile phase (approximately three 
months of 8-hour-day operation). Even under these high-pH conditions, this 


silica-based column exhibited excellent peak shape, good efficiency, and ade- 
quate stability for routine operation. Note, however, that shorter column 
lifetime can always be expected when operating silica-based columns at pH 
values above 8. 


5.2.4 Sources of Retention and Selectivity Variability 


Changes in retention and selectivity due to differences in bonded-phase col- 
umns with the same functionality (i.e., Cig, Cg, etc.) come from several sources: 


: Differences in the silica support 
- Choice of silane: monofunctional or polyfunctional 


- Completeness of bonding: partially or fully reacted 
- Presence or absence of endcapping 


i Bondihachemi 


- Support surface area 


Each of these factors can render the final HPLC method less reproducible. 


due_to_differences_in_the-silica_support 
were discussed earlier in the chapter. For example, retention variations can 
be cated A ope area pitcrentes: ee ie space area of the 


retention and cally seibeavity: difiérences: can arise ‘oi differences in 
the type and concentration of silanol groups on the silica support surface. 
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FIGURE 5.17 Stability of silica-based bonded-phase column at pH 11. Column: 
15 x 0.46 cm, double-endcapped dimethyl-C8 (Zorbax XDB-C8); mobile phase: 


55% methanol-45% 0.05 M 1-methylpiperidine-HCl, pH 11.0; flow rate: 1.0 mL/ 
min; 24°C; UV detector, 215 nm; sample: pindolol, metoprolol, oxprenolol, and 
propanolol, pK, = 9.5 to 9.7 (0.165, 0.413, 0.413, and 0.083 mg/mL, respectively); 


5-uL injection. (Adapted from Ref. 46a) 


Separations of basic compounds with columns made from the less acidic, more 
highly purified (type B) silica supports show less variation from lot to lot, 


even from different manufacturers. In any case, methods developed on a given 
column should be confirmed (validated) for at least two other lots before 
adoption (see Section 15.9). Columns of the same kind (e.g., Cig) from different 
manufacturers rarely will give the same separation [47]. 

made from—monofunctional silanes—are-more 


reproducible from batch to batch than are columns prepared from polyfunc- 
tional silanes. Fully reacted (densely bonded) packings are more reproduc- 


ible and more stable than are packings with partially reacted (lower-silane- 
concentration) surfaces. (Partially reacted supports can usually be identified 
when the coverage is substantially less than the values given in Table 5.6). 
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Significant selectivity differences may also occur for fully vs. partially reacted 


packings of the same bonded phase (e.g., Cig). Selectivity and peak shape 
differences can be seen between packings that are endcapped, depending on 
the particular sample being separated. Finally, differences in the silanization 


reaction conditions can result in retention variations between similar bonded- 
phase packings from different manufacturers. For method development, many 
users prefer monofunctional-silane bonded-phase packings that are fully re- 
acted. Column packings that have different stationary-phase functionalities 
are summarized in Table 5.8 with comments on their applicability for 
method development. 


5.3 COLUMN SPECIFICATIONS 


The requirements for a given separation usually determine the type and con- 
figuration of the column to be used (particle size, length, internal diameter, 
etc.). In Section 2.3.3 we discuss the value of columns with different lengths 


and particle sizes. There are many possible suppliers for a given type of 
column; however, these columns can vary greatly in performance. Therefore, 


needed for use in method development and subsequent routine operation. 
Column requirements of interest include: 


- Plate number N for a given value of k 
- Peak asymmetry factor (As) 
- Selectivity (a) value for two different solutes 


- Column back pressure 
- Retention (k) reproducibility 


- Bonded-phase concentration (if applicable) 


- Column stability 


Where possible, information on these features should be obtained from 
the column manufacturer before purchase. Many manufacturers provide data 
on individual columns for the first four items above, including a test chromato- 


gram for each column. Some manufacturers include data regarding retention 
reproducibility. Data on bonded-phase concentration and column stability is 
rarely available but may be found for some columns in scientific publications. 
Some suppliers warrant their columns (e.g., 60 days) so that the user is assured 


ofa 


5.3.1 Plate Number 


The column plate number (N) is an important characteristic of a column. N 
defines the ability of the column to produce sharp, narrow peaks for achieving 
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TABLE 5.8 Useful Column Packings for HPLC” 


Method Comments 
Reversed-phase (and ion-pair) 
method 
Cig (octadecyl or ODS) Rugged; highly retentive; widely available 
Cy (octyl) Similar to but slightly less retentive than Cig 
C3, Cy Less retentive; used mostly for peptides and 
proteins 
C, [trimethylsilyl (TMS)} Least retentive; least stable 
Phenyl, phenethyl Moderately retentive; some selectivity differences 
CN (cyano) Moderately retentive; used for both reversed and 
normal phase 
NH); (amino) Weak retention; used for carbohydrates; less 
stable 
Polystyrene” Stable with 1 < pH < 13 mobile phases; better 
peak shape and longer column life for some 
separations 
Normal-phase method 
CN (cyano) Rugged; fairly polar; general utility 
OH (diol) More polar than CN 
NH; (amino) Highly polar; less stable 
Silica? Very rugged; cheap; less convenient to operate; 


used in prep LC 
Size-exclusion method 


Silica’ Very rugged; adsorptive 

Silanized silica Less adsorptive, wide solvent compatibility; used 
with organic solvents 

OH (diol) Less stable; used in aqueous SEC (gel filtration) 

Polystyrene? Used widely for organic SEC (GPC); generally 


incompatible with water and highly polar 
organic solvents 


Ton-exchange method 
Bonded phase Less stable and reproducible 
Polystyrene” Less efficient; stable; more reproducible 


* Silica-based bonded phases, except as noted. 
P No bonded phase on these packings. 


good resolution of band pairs with small a values. The measurement of column 
plate number is discussed in Section 2.3.3. Table 5.9 shows typical plate num- 


bers (small, neutral sample molecules, MW ~ 200) for well-packed HPLC 
columns of various lengths and particle sizes. Note that these values are 
obtained under “optimum” conditions—low-viscosity mobile phases and a 


flow rate of 0.5 to 2.0 mL/min. The following equation can be used to estimate 
the column plate number for small molecules under these optimum conditions: 
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N= 3500L (cm) (5.1) 


d,(um) 


Where-L is column_length and_d, is the particle diameter. 


Most manufacturers specify the conditions they use to measure N. This 
test can be repeated if a problem arises with the column. If the plate 
number for a new column is significantly lower (N < 80% of the claimed 
value), the column should be returned to the manufacturer for replacement 
or refund once the possibility of an instrument problem has been eliminated. 
Instrument and related extra-column problems are common with very short 
or small-bore columns, resulting in lower-than-expected column plate 
numbers. 

For an osing HEEC method, the piate number of a new column 


(specified) separation gondon, Since column plate number is dependent 
on specific experimental factors, values for compounds of interest may be 
smaller thanthe-optimum-value-measured-for-a-smallneutralsolute—For 


large solute molecules or viscous mobile phases, the value of N may be 
only a fraction (e.g., one-half or one-third) of the optimum value. Secondary 


retention for some solutes _{ie., from silanol effects) also-can-cause broader 
peaks and a smaller-than-expected plate number. Possible problems should 
be anticipated, and appropriate columns and mobile phases should be 
selected accordingly. If deleterious silanol effects are still found as method 
development proceeds, corrective action should be taken at the earliest 
possible time. The use of certain columns and the addition of certain 
mobile-phase modifiers can often correct such problems, as discussed in 
Section 7.3. 


Some users maintain a systematic record of N values vs. time or number 
of injected samples for compounds of interest, so that column efficiency is 


TABLE 5.9 Plate Number for Well-Packed HPLC 
Columns Under Optimized Test Conditions 


Particle Column 
Diameter (um) Length (cm) Plate Number N 
10 15 6,000-7,000 
10 25 8,000-10,000 
5 10 7,000-9,000 
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known at any time. This record helps the operator to monitor column perfor- 


mance and anticipate when column replacement (or repair) is required. A 
record of N values vs. some measure of use also is useful for judging the 
overall performance of columns from a particular manufacturer. 


As discussed in Section 9.1.1.2, 15- or 25-cm columns of 5-um particles are 
preferred as a starting point for method development. This configuration 
provides a large enough N value for most separations, and such columns are 
quite reliable. A particular advantage of initially using a column with large 
N values is that closely overlapping peaks are more easily recognized. If a 
larger N value is required for a particular separation, additional column lengths 
can be connected with low-volume fittings. 

Short columns of 3-um particles are useful for carrying out very fast separa- 
tions (e.g., < 5 min.). However, columns of particles smaller than 3 wm often 


are less suited for routine applications since they are (1) 
sampling problems, (2) more operator dependent, and (3) more affected by 
instrumental band-broadening effects. However, as mentioned previously 


(Section 5.2.2), studies suggest that se of closely sized 3.5- rticles 
is a practical alternative that minimizes these problems [32]. Figure 5.18 shows 
an example of a rapid separation produced by a column of 3.5-um particles. 


With this separating system, good plate numbers and band symmetries were 
found for large acidic antibiotics separated rapidly at a high mobile-phase 
flow rate. 


5.3.2 Peak Asymmetry and Peak Tailing 


While the-column_plate number is_a_useful measure_of column quality, peak 
shape is equally important in method development. Columns and experimental 
conditions that provide symmetrical peaks always are preferred. Peaks with 


poor symmetry can result in: 


- Inaccurate plate number and resolution measurement 


- Imprecise quantitation 
- Degraded resolution and undetected minor bands in the peak tail 


- Poor retention reproducibility 


A useful and practical measurement of peak shape is the peak asymmetry 
factor, A,, calculated as in Fig. 5.19 [48]. Peak asymmetry is measured at 10% 


of full peak height. Good columns produce peaks with A, values of 0.95 to 
1.1 (exactly symmetrical peaks have an A, of 1.0). For accurate measurement 
of symmetry, bands should be measured with a magnified time scale. Asymmet- 


tical bands often appear symmetrical when observed in a compressed (long- 
time-scale) chromatogram. 
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FIGURE 5.18 High-speed separation of antibiotics. Column: 8.0 x 0.46-cm Zor- 
bax SB-C8 (3.5 um); mobile phase: 8:92 acetonitrile-0.1% trifluoroacetic acid; 
flow rate: 3.0 mL/min; sample: 1 uL containing 0.40, 0.36, 0.10, and 0.35 ug each 
of 1 to 4, respectively; 60°C; 260-nm detection. (Reprinted with permission from 
Ref. 33.) 


Figure 5.20 shows the effect of shape and width of bands for a range 


of A, values. Manufacturers sometimes specify A, values of 0.95 to t.3 for 


new columns. Samples of interest generally should have A, values of <1.5. 
The separation of Fig. 5.18 shows peaks with A, values of about 1.0 for 
antibiotic drugs. Another useful way to define peak shape is by the peak 


tailing factor-(PTF)-calculated_as-shown-in Fig._5.19._Some-groups, such 
as the U.S. Pharmacopeia, prefer to specify peak symmetry by this method. 
In this approach the value is calculated at 5% of full peak height. Peak 


asymmetry and the peak tailing factors are easily interconverted, as shown 
in Table 5.10. 
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FIGURE 5.19 Determining peak asymmetry and peak tailing factors. (Reprinted 
with permission from Ref. 48.) 


5.3.3 Column Failure: How Long Should a Column Last? 


The stability and useful lifetime of a well-made column are dependent on 
how the operator uses and treats the column. All columns are expected to 


“die” eventually..A column should be replaced when it no longer provides 


the performance needed for the particular analysis. If the plate number de- 
creases by 50%, or resolution falls to about three-fourths of the original value 


(e.g., to-R, = +5 from an initial 2.0 -value),-a-new 
A column whose performance has degraded somewhat may still be useful for 
a given assay. Increased peak asymmetry value, A,, to >1.5 may also be a 


sign that the column should be changed. Although techniques described later 


Excellent Acceptable Unacceptable Awful 
A, = 1.0-1.05 A, = 1.2 A, = 2 A, = 4 


FIGURE 5.20 Peak shapes for different asymmetry factor values. 
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TABLE 5.10 Peak Asymmetry and Peak Tailing 


Factor Relationship 


Peak Asymmetry Factor Peak Tailing Factor 
(at 10%) (at 5%) 

1.0 1.0 

1.3 1.2 

1.6 1.4 

1.9 1.6 

2.2 1.8 

2.5 2.0 


in this chapter are useful for rejuvenating columns whose performance has 


degraded, many labs do not attempt the regeneration of low-performance 
columns. The requirement to produce needed results rapidly often dictates 


that the column_be replaced with a new_one,so that the routine assay_can be 
reestablished as soon as possible. 
How long the column lasts before replacement is largely a function of 


the-type—of samples injected. Typically for clean samples, 1000—to—2000 
analyses per column is reasonable. A clean sample refers to a homogeneous 
solution whose components are completely eluted during the time between 
sample injections (e.g., a formulated sample, a drug, or a reaction intermedi- 
ate). However, the cautions discussed in preceding sections must be followed 
closely. For clean samples, column cost per analysis is about $0.20, represent- 
ing only about 1% of the total cost per analysis. For more complex and 


dirtier samples, or those_in-marginal_assay—conditions, 200 to 500 samples 


per column are reasonable. Here, column cost per analysis is about $1, 
representing about 4% of the total cost per analysis. For samples of biolog- 


ical origin or highly complex materials (e.g., extracts of liver, highly organic 
soil, etc.), 50 to 200 samples per column is more typical. For these 
situations, column cost per sample is about $3, representing only about 10% 


of the total cost per analysis. Since column costs per analysis are small, 
this is a strong argument that an efficient, well-performing column should 
always be in place during use of a developed method, to provide timely, 


high-quality results. 

Note that the low cost of the column per sample combined with the high 
cost of sample pretreatment (filtration, extraction, etc.; see Chapter 4) may 
make some sample pretreatment procedures uneconomical. In those cases, it 


may be cheaper to minimize sample pretreatment and accept a shorter column 
life. Pretreatment steps also can decrease analysis precision and sometimes 
do not fit well into the routine of the laboratory. Of course, no compromise 


in other separation goals should be accepted merely to reduce column cost. 
Many labs also do not use guard columns because of cost and the inconvenience 
of knowing when to change guard columns and their cost. To increase column 
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lifetime, some laboratories use specially designed low-volume precolumn fil- 


ters at the column inlet to remove particulates. However, these devices must 
be E Sgan FE before they become aie Theretore, whether or 


goals. Chapter 4 can icine: detennine whether a Sane should be Secad 
prior to the analytical separation, and which approach might be best for a 
particular sample. 


5.3.4 Retention Reproducibility 


The reproducibility of retention times or k values among different columns 
can be specified by chromatographing a series of standards, preferably includ- 
ing both polar and nonpolar molecules. The column manufacturer often de- 


scribes a test that can be used to evaluate the original column performance. 
This test can be repeated in the user laboratory periodically to determine the 
retention performance of different columns or the performance of a single 


column during use. Often, a more practical approach is for the user to identify 
a compound of interest F g., a drug), and to use this Sa te with Daly 


operating c è 
tion times (or k values) Mould be found for test Fae when run under 


standard conditions. The use of system suitability tests for routine analyses 
(Section 15.11) can provide these data if the separations are designed properly 
and the data recorded appropriately. 

Long-term reproducibility of columns from the same manufacturer is an 
important factor for developing a rugged, repeatable method. Several manu- 


facturers now-claim long-term reproducibility of their bonded-phase columns. 


For example, Fig. 5.21 shows the manufacturing reproducibility for one com- 
mercial Cig column over a four-year period. Minor and equivalent changes 


in k values for toluene (neutral) and N, N-dimethylaniline (basic) indicate 


variations in the surface areas of the silica support during this period. The 
important requirement is that the selectivity value (æ) for these two solutes 


remained stable during this production period. Few manufacturers supply 
information of this type, so the user must conduct such tests, if needed. 


5.3.5 Pressure Drop 


Similar column permeabilities or backpressures will be found for well-packed 


columns having the same operating conditions, column dimensions, and parti- 


cle size. The pressure drop for columns packed with spherical particles can 
be approximated by 


3000L n 
tod)” 


P = (5.2) 
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DMA k: Ave. 2.38; std. dev. 3.7% 


Toluene k: Ave. 2.95; std. dev. 3.8% 


Alpha, Toluene/DMA: Ave. 1.24; std. dev. 0.48% 


Value 


1 2 3 4 5 6 7 8 9 10 N 12 13 14 


Lot Number 
FIGURE 5.21 Four-year reproducibility of monomeric silane bonded-phase columns. 


Zorbax Rx-C18 production, 1990-1994; columns: 15 X 0.46 cm; mobile phase: 50:50 
acetonitrile—0.1 mM NaH2PO,; flow rate: 1.6 mL/min; test solutes: N, N’-dimethylaniline 
and toluene; 22°C. (Reprinted with permission from Ref. 44.) 


where P is the pressure (psi), L the column length (cm), 7 the mobile-phase 
viscosity (cP), % the column dead time, and d, the particle diameter (um). 


New-spherical-particle columns should_have-a_pressure drop -no_preater than 


about 30% in excess of that predicted by Eq. 5.2. Columns packed with irregular 
particles may give higher backpressures. Some suppliers report a backpressure 


5.3.6__Bonded-Phase Concentration (Coverage) 


Well-made bonded-phase silica columns have a dense population of organic 
groups attached to the surface of the silica support. The actual coverage 


depends on the size of the organic ligand: high surface concentrations are 
more difficult to obtain with larger silane groups because of steric hindrance. 
Fully (densely) bonded packings will have surface concentrations for the 
different silane groups (micromoles of bonded phase per square meter of 


packing surface area) equivalent to those in Table 5.6, or greater. Columns 
with densely reacted, sterically protected groups have a lower concentration 
of silane groups (1.9 to 2.2 zmol/m?) because of additional steric hindrance 


by the large protecting groups [36]. Better column-to-column retention repro- 
ducibility and column life can be expected for column packings with fully 
reacted surfaces as defined in Table 5.6. 
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5.4 COLUMN PROBLEMS AND REMEDIES 


Problems often arise during the use of a column. In this section we consider 


how to recognize these problems and deal with them so that effective method 
development is possible. We now discuss the three most important kinds of 
problems in HPLC method development: (1) variability in retention and 
resolution, (2) band tailing, and (3) short column lifetime. Reference 49 should 
also be consulted for routine procedures relating to the preventive mainte- 
nance and repair of columns and equipment. 


5.4.1 Retention and Resolution Irreproducibility 


Reproducible retention and resolution for the peaks in a chromatogram are 


very important when developing routine methods. If sample retention is not 
repeatable from run to run, it is impossible to draw accurate conclusions 
concerning a desirable change in conditions for improved separations. For 


this reason it is important to check column retention during method develop- 
ment at least daily, using a particular set of conditions for this purpose. Values 


of k and a should not change by more than 2 to 3% over time. Changes in 
resolution (arising from change in k, N, or a) can be a function of (1) the 
column and its operation, (2) instrumental effects, or (3) variations in separa- 
tion conditions. Table 5.11 summarizes the types of retention and resolution 
variation that can occur in HPLC and the causes for each variation. 


TABLE 5.11 Retention and Resolution Variations in HPLC 


Main 
Effect Cause Changes 
Column-to-column Variation in support, bonding k, @ 
differences 
Column changes Disturbance in bed N 
during use Loss of bonded phase k,@ 
Dissolution of silica support N 
Buildup of noneluted material k, N 
Extra-column From system to system: large injection volume; N 
effects large tubing volume between injection valve 
and column and/or column and detector; large 
detector volume; large volume fittings 
Poor control of Changes in mobile phase, composition k, a 
separation Changes in flow rate N° 
Changes in temperature k, a, N° 
Slow column Insufficient re-equilibration time k, a 
equilibration 
Column overload Too large a sample mass k, N 


“ Changes in N usually are small. 
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Columns must maintain constant retention and acceptable resolution 


during use. Otherwise, the accuracy and precision of the method are 
compromised, and new columns may be required frequently. Sometimes, 
a new column may give a different (unsatisfactory) separation. This may 


mean that the operating conditions for the method must be modified to 
reestablish the required separation. Often, the developed method will be 
transferred to another laboratory, where an equivalent column is required 
for acceptable results. Therefore, the operator should be alert to sources 
of column irreproducibility. Discussed below are practical remedies for 
handling this problem. 

Retention reproducibility can be a major problem in developing a good 
HPLC method. Problems associated with irreproducibility are usually 
solved by: 


1. Initially selecting a good column of less-acidic highly purified support 
(if silica based) and maintaining the same stationary phase, particle size, 


and column dimensions throughout the application. 


2. Eliminating ‘‘chemical’’ or silanol effects for silica-based columns by 
using favorable mobile-phase conditions (pH, buffer type and concentra- 


tion, additives, etc.). 

3. Making sure that the column is properly equilibrated with the mobile 
phase (Section 9.1.1.5). 

4. Using proper laboratory techniques that ensure stable day-to-day oper- 
ation. 


5. Using retention mapping to provide corrective action when required 
(Section 10.6). 


6. Stockpiling columns, or establishing a continuing supply of the same 
column; alternatively, testing several column lots to ensure that the 


As described earlier, the same type of column (e.g., Cig) from different 


manufacturers often shows substantial differences in both retention and 
resolution. These differences are due to variations in silica substrate and 
bonding chemistry. As a result, columns from different manufacturers are 


rarely interchangeable (see Ref. 50). Figure 5.22 shows that the two Cig 
columns from different manufacturers gave entirely different separations 
for a plant hormone mixture. Separations on a C column from com- 
pany X often differ markedly from those obtained on a Cig column from 


company Y, and this-is-often due to- differences-in the- sihca supports 
used. 
As discussed in Section 5.1 and illustrated in Figs. 5.9 and 5.22, column- 


to-column variations in retention can occur because of various chemical (sila- 
nol and other) effects. For basic samples, these variations are minimized by 
using separation parameters that include: 
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ABA 


Absorbance (254 nm) 


28 24 20 16 12 8 4 O 20 112 8 4 «0 
Time (min) 


(a) (6) 


FIGURE 5.22 Selectivity differences for different Cis bonded-phase columns: separa- 
tion of plant hormones by reversed-phase gradient elution. Columns: (a) Hypersil 
ODS, (b) Spherisorb ODS; mobile-phase gradient: 0 to 50% methanol-water (pH 3.3). 
Compounds: IAA, indole-3-acetic acid; Z, zeatin; ZR, zeatin riboside; ABA, abscisic 
acid; ZOG, zeatin-o-glucoside. (Reprinted with permission from Ref. 51.) 


e A less-acidic, highly purified silica support (Table 5.4) 
: pH = 3 mobile phase (for reversed phase) 


- Buffer concentration = 20 mM (K* often preferred because of higher 
solubility and better suppression of unwanted silanol interactions) 


Initally, the mobile phase should be kept as simple as possible to facilitate 
good reproducibility and fast column equilibration. If tailing or misshapen 


peaks-oceur, the operator then has the-additional options-to: 


- Add 30 mM triethylamine (for basic compounds) or ammonium acetate 
(for acidic compounds) to the mobile phase (triethylamine acetate for un- 


knowns) 


- If tailing persists, replace the triethylamine with 10 mM dimethyloctylam- 
ine (or dimethyloctylamine acetate) 


- Reduce sample mass to < 1 yg 


In effect, the steps above create conditions for a “generic column” that 


minimize the difference between bonded-phase columns from different manu- 
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facturers for separating basic compounds. One study has shown [20] that the 


use of a non-acidic column plus low-pH mobile phase gave some lot-to-lot 
variation in the retention of basic compounds, but these variations were re- 
duced to acceptable levels by adding triethylamine to the mobile phase. Section 


7.3.3.2 should be consulted for further details on optimum conditions for 
separating ionic or ionizable compounds. 

Poor retention reproducibility and tailing peaks often occur in poorly buf- 
fered mobile phases, that is, selection of the wrong buffer (Section 7.2.2), too 
low a buffer concentration, or a pH out of the effective range of a buffer 
(keep within 1 pH unit from the pX, of the ionizable buffer constituent!). 
Increasing the buffer concentration (or decreasing sample size) usually im- 
proves this situation. Some of these approaches in developing acceptable 
retention behavior for more than 150 drugs of pharmaceutical interest are 


discussed_in Ref. 52. The use_of mobile-phase modifiers to_minimize silanol 


effects is described in Section 7.3.3.2. 
<Chaees in retention and resolution onen occur from poor control of 


the Oo a either during th the day or from day to day. Manually pre- 
pared mobile phases should be carefully blended using solvents at the same 


temperature (weighing is the most accurate). On-line mixing of the solvents 
by the instrument often minimizes compositional errors. However, if results 
are unexpected, instrument mixing accuracy should be checked manually. 
The proportioning valves in some low-pressure mixing units are prone to 
malfunction, particularly when buffers of high concentration are used. Also, 
when delivery is less than 10% of any one solvent, on-line mixing is less 
accurate than manual preparation of the mobile phase. If an error in mobile- 


phase composition is suspected, carefully prepare a new batch of mobile phase 
and repeat the separation. Manually blended solvents should be used to check 
suspect on-line-mixed solvents. 


Variations in retention also can take place because of selective solvent 
fractionation by evaporation. This effect can occur either during degassing of 
the mobile phase or on standing. Note, however, that this problem is of minor 


significance in reversed-phase HPLC [53], except for the case of volatile buffers 
such as ammonia and bicarbonate. Solvent degassing, either by vacuum or 


preferably by helium purge (~5 min of vigorous sparging with a gas-dispersion 


tube), should be carried out by the same procedure each time. This approach 
ensures repeatability even if some selective solvent fractionation occurs. Up- 
take of carbon dioxide, which can change the pH of the mobile phase, is 


minimized by slowly and continuously bubbling helium though the mobile- 


phase reservoir during use, to blanket contents of the reservoir. Commercial 
on- -line solvent A dr passers oren are effective. TOwever with these devices, 


e purg- 


ing belor the new solvent is pat equilibrated 1 in the system. 
Flow-rate variations from equipment problems cause sudden changes in 


the retention of all bands and random fluctuations in peaks from run to run. 
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If a flow-rate variation rs, th i shift or larger-than- 


normal baseline noise may occur. Also, the backpressure on the column inlet 
may show larger-than-usual variations. Flow-rate changes due to check valve 
problems_also can create pressure surges that-can be detrimental to column 


performance and lifetime. Flow-rate accuracy (within ~1%) can be determined 
by measuring the volume of column effluent for a specific time period and 
calculating the mL/min (e.g., time to fill a 2- or 5-mL volumetric flask). Note, 
however, that this method may not detect short-term flow variations since 
this flow-rate measurement integrates over a finite time period. Reference 49 
provides additional insight on how to detect and solve such problems. 

Too large a sample mass can cause retention times and/or N values to 
decrease for peaks that are overloading the column. The usual solution to this 
alae is to find empirically the maximum sample size that gives maximum 


, this sample 
size is 10 to 50 y pg of cample for column interñal diameters of about 0.46 cm; 
less than 1 wg of a basic sample may overload the column when silanol 


interactions are a major factor in the retention process.A useful approach is 
to start with a larger sample (10 to 50 ug, unless this overloads the detector) 
and then decrease the size until constant retention times are found. 


Column temperature change is a common cause of varying retention (see 
Figs. 7.6 and 11.9). This is especially the case when separating ionic or ionizable 
compounds where significant variations in œ can occur with temperature 
change. For maximum precision, the column should be thermostatted to main- 
tain the temperature to +0.2°C. If no thermostat is available, an insulated 
column reduces the effect of laboratory temperature changes. Separations by 
ion-pair HPLC and RPC with ionic or ionizable compounds should always 


use thermostatted columns. 


Retention variations with unthermostatted columns are reduced by mini- 
mizing changes in laboratory temperature. A constant-temperature environ- 


ment is partic y importan inimize rature changes when 
using automatic sampling and unattended operation. Here, column tempera- 
ture variations will result in drifting retention times that may fall outside the 


narrow “windows” required by some automatic data-handling systems. 
Should variations in retention occur as a result of column change during 
use of a method, predictable modifications in operating conditions (solvent 


strength, solvent mixture, etc.) can be used to re-establish an acceptable separa- 
tion. This goal can often be realized without re-developing the method if 
knowledge of the effects of the various operational variables is available. 
Retention “maps” for the compounds of interest are helpful for this purpose; 


see Section 10.3 and the discussion of Fig. 1.5. Documentation of the effect of 
minor changes in operating variables during method development is especially 
valuable for making appropriate adjustments when resolution degrades. 


As mentioned previously, columns of a given type from the same manufac- 
turer can show significant batch-to-batch retention and selectivity variations. 
A particular separation developed on one column may not be the same when 
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using a second column of the same type from a new lot. A preferred way to 


test whether a method will function reliably is to evaluate columns from 
several (three or more) different lots or batches. Acceptably reproducible 
retention and selectivity should occur with all lots before the method should 


be considered sufficiently rugged (robust) for routine application. Peaks of 
interest should be separated with at least the minimum resolution required 
for the desired measurement, taking into account a reasonable loss in resolu- 
tion with use. Reproducibility problems are minimized by using columns from 
a manufacturer who can deliver (and warrant) a high-quality, reproducible 
product. Some manufacturers can provide columns from the same (large) lot 
over a several-year period when lot-to-lot variations cannot be avoided by 
optimizing the mobile phase. Columns from a single lot should be closely 
similar with respect to retention and chromatographic performance. 


5.4.2 Band Tailing 


Conditions resulting in tailing or asymmetrical peaks should be avoided. Band 
tailing causes inferior separations and reduced precision (especially when 
using automatic data systems); poor column-to-column reproducibility may 


also-be associated with tailing bands (silanol interactions). In this section, 
band tailing in method development is discussed as a function of the column 
and its history. Reference 49 contains a general discussion of the problems 
and solutions associated with tailing bands (see also Section 7.3.3.2). 
Column plate numbers and band resolution are overestimated when tailing 
peaks are involved. Tailing peaks can trail into a closely eluting following peak, 
reducing the ability to quantitate each peak accurately. For band asym- 


metries-of 1.2 (peak_tailing factor-~1.15), the -peak-half-width _method_(Eq. 
2.8a) can produce positive plate numbers as large as 30%, resulting in calculated 
resolution errors of up to 15% [48]. Therefore, peaks with good symmetry are 


always desired when initially developing methods that require a high tevet of 
precision and long-term repeatability. 
Peak asymmetry or band tailing can arise from several sources, as summa- 


rized in Table 5.12. An initial bad column (poorly packed) from the manufac- 


TABLE 5.12 Causes of Asymmetrical 
(Tailing) Peaks 


Bad column; plugged frit or void 
Buildup of “garbage” on column inlet 


Sample overload 
Wrong solvent for sample 
Extra-column effects 


Chemical or secondary retention (silanol) effects 
Inadequate or inappropriate buffering 
Contaminating heavy metals 


220 THE COLUMN 


turer_is_an_occasional source_of asymmetrical peaks. New_columns showing 


undue peak asymmetry with neutral compounds should not be used for method 
development. Such columns should be returned to the manufacturer for re- 


Tailing peaks are common with heavily used columns. During use, columns 
can develop severe band tailing (Fig. 5.23a) or even double peaks for each 
component (Fig. 5.236). Such effects usually arise from a void in the inlet of 
the column and/or a dirty or partially plugged inlet frit. Difficulties associated 
with a plugged inlet frit often can be eliminated by carefully replacing the 
inlet frit of the column (without disturbing the packing!). Problems due to 
voids at the column inlet sometimes are reduced by filling the inlet void with 
additional packing. The original performance of the column rarely is achieved 


or maintained by this approach, although reversing the direction of flow 


through the column is helpful [54]. Filling a column void is most practical for 
the case of expensive columns (e.g., chiral or preparative columns). In other 
cases, this approach should be used only in an emergency or as a last resort. 


The development of broader tailing peaks (as in Fig. 5.23) during use may 
also indicate the buildup of strongly retained sample components (“garbage”) 
on the column inlet. This buildup sometimes can be eliminated by purging 


the column with a strong solvent. A 20-column-volume purge (about 30 mL 
for a 15 xX 0.46-cm column) with a mixture of 96% dichloromethane and 4% 
methanol with 0.1% ammonium hydroxide is often effective for reversed- 
phase columns; methanol can be used for a normal-phase column. In difficult 
cases, backflushing the column at a low flow rate with a strong solvent may 
be necessary. In developing a routine method, an effective approach is to 
reduce the possibility of strongly retained sample component buildup by using 


a guard column, as discussed in Section 5.4.3.2. Some methods also require 
an effective pretreatment procedure (see Chapter 4). 
Overloading the column with sample also causes broadened tailing (or 


fronting) peaks. This undesirable effect usually can be eliminated by reducing 
the sample mass injected (increase detector sensitivity, if required), until plate 


Double peaks 
Severe for each 


tailing component | 


+ a | 


(a) (b) 
FIGURE 5.23 Some symptoms of column problems. 
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number, peak shape, and retention are constant. See Section 2.4 and Chapter 


13 for further information on column overload. 
Injecting the sample in a solvent that is stronger than the mobile phase 
usually results in early bands that are distorted and tailing, as illustrated in 


Fig. 5.24. In this example, injecting a sample in pure acetonitrile produced 
broader asymmetrical bands than did a separation in which the sample was 
injected with the appropriate 18% acetonitrile-water mobile phase. When the 
sample is poorly soluble in the mobile phase (or weaker solvents), small 
volumes in a stronger solvent can be injected (e.g., < 25 uL for a 0.46-cm- 
ID column). However, poorer band shapes, sample precipitation, column 
blockage, and compromised quantitation may result. For poorly soluble mate- 
rials, dissolving the sample in a strong solvent, then diluting with an equal 
volume of the mobile phase often is successful for sample injection. 
Extra-column effects associated with the HPLC equipment can cause 


band tailing and broadening. These band-spreading effects are associated 
with (1) large sample- -injection volumes, (2) too much volume in the lines 
and_(3) the 


volume of the detector flow cell. All such extra-column effects combine 
to increase peak tailing and decrease apparent column number, as discussed 


in Section 2.3.3.3. This type of tailing is most pronounced for early-eluting 
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FIGURE 5.24 Sample-solvent injection effects. 30-uL sample volume; mobile phase: 


18% acetonitrile—water; caffeine (peak A) and salicylamide (peak B) injected in pure 
acetonitrile and in 18% acetonitrile-water mobile phase. (Reprinted with permission 
from Ref. 55.) 
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peaks, since they have the smallest volume (narrowest peaks). Figure 5.25a 


illustrates this effect. Here the early-eluting, narrower peaks from this 
column of 3-um particles show significant tailing because of extra-column 
band broadening associated with this ‘standard’ HPLC system. Later-eluting 


peaks of increasing volume exhibit progressively less tailing. When 
early peaks tail the most, it is a good indication that extra-column effects 
are present. In Fig. 5.255, peak tailing is less pronounced and retention 
times are shorter because of the use of a lower-dead-volume microbore 
HPLC apparatus. Note especially that the plate numbers for the peaks 
with the microbore hardware in Fig. 5.25) are significantly larger than the 
peaks formed with the standard hardware in Fig. 5.25Sa. 
Peak broadening and tailing due to extra-column effects should be elimi- 
nated or minimized before attempting to develop a separation by: 


+ Injecting small sample volumes (typically, = 25 uL) 
- Using short connecting tubing of small internal diameter (e.g. < 20 cm 


of 0.007 in. ID) between the sample valve and the column and between 
the column and the detector 
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FIGURE 5.25 Band tailing from extra-column effects. Column: 15 X 0.45-cm, 3-um 
Spherisorb silica; mobile phase: hexane—acetonitrile (99 : 1 v/v); flow rate: 2.0 mL/min. 


(a) Commercial chromatograph with 10-uL sampling valve and 8-uL detector cell; 
(b) low-volume system with 0.5-uL sampling valve and 1-uL detector cell. (Reprinted 
with permission from Ref. 56.) 
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- Making sure that all tubing connections are made correctly from 


“matched” fittings 
- Using a cleanly swept, low-volume detector cell (< 8 uL) (for useful 
discussions of extra-column effects, see Refs. 49 and 56) 


Tailing or asymmetrical peaks can occur because of various chemical effects, 
including a mismatch between the mobile/stationary phase combination and 
the sample. Such undesirable effects often are eliminated by using mobile 
phases that contain acetate plus triethylamine (resulting in the “generic col- 
umn” of Section 5.4.1). Sometimes, the problem with tailing peaks only is 
eliminated by changing to an entirely different mobile phase-stationary phase 
combination (e.g., from reversed phase to normal phase). 

Contaminating metals (Al, Fe, Ni, etc.) in the column can produce band 
ili i The tailing of basic drugs due to metal contami- 


nation of a Cig packing is illustrated in Fig. 5.26. The use of highly purified 
silica supports generally eliminates possible problems with heavy-metal com- 


5.4.3 Why Do Columns Die? 


Columns for normal-phase separations often are more stable than are columns 
used for the other HPLC procedures. Some normal-phase columns (e.g., silica, 
cyanopropyl) have useful lifetimes of more than one year when used with clean 
samples. Polymeric ion-exchange (resin) columns display similar stability. On the 
other hand, silica-based columns for reversed-phase, ion-pair, and ion-exchange 
chromatography are less rugged in the aqueous environments required for these 


separations. Even so, well-made columns can be stable under reversed-phase 
conditions for several months of continuous use (many hundreds or thousands of 
samples) if appropriate conditions are employed (Section 5.2.3). In the following 


sections we discuss briefly the main problems found with columns, and useful 
techniques for minimizing and correcting these problems. 
Columns degrade (or ‘“‘die’’) for several reasons: 


: Partially blocked (plugged) frit or column bed 


e4 Lad 


- Initially poorly packed column 
- Mechanical or thermal shock creating voids 
- Chemical attack on the support or stationary phase 


Some symptoms of impending column death are: 


+ Column backpressure increase 


- Tailing bands 
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FIGURE 5.26 Tailing of basic drugs due to metal contamination of Cj, silica. 
(a) Initial silica support; (b) after acid washing the silica support; mobile phase, 


20 mM trimethylamine. (Reprinted with permission from Ref-57-) 


-Lossin plate number 


- Loss of selectivity 
- Retention (k) decrease (or increase for basic compounds on a silica- 


based column) 


Table 5.13 summarizes common causes for column problems and the experi- 
mental condition by which this problem is recognized. For example, plugging 


of the frit or column bed will usually increase column backpressure (x) and 


normally will strongly affect band shape (tailing) and column plate number 
(xx). 


5.4.3.1 Column Frit Problems. The most frequent column problems en- 
countered by practitioners are those associated with plugged inlet frits. The 
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TABLE 5.13 Troubleshooting Column Problems 


Cause Pressure Tailing Plates Selectivity Retention 
Plugging X XX XX 

Voids XX XX 

Adsorbed sample ? X X XX 
Chemical attack X X XX XX 


plugged frit often is associated with the inlet of a guard column, if used 
(Section 5.4.3.2). As discussed above, unusual band shapes often arise from 
either a partially plugged inlet frit or a void in the inlet of the column. If a 
plugged frit is suspected, it can be confirmed by running a standard sample 
with known operating conditions. Problems associated with a dirty inlet frit 


often are eliminated by carefully replacing the inlet frit of the column without 
disturbing the packing. While changing the frit (don’t try to clean!), the inlet 
of the column-should-be-checked- for avoid If the-packing-is-not-flush-with 


the top of the column, settling of the packed bed is indicated. As discussed 
above, problems with voids at the column inlet sometimes are reduced by 


filling the inlet-with - more packing. If changing of the frit is not allowed, the 
column should be reverse-flushed with a strong solvent to see if the inlet frit 
can be freed of obstructing material. (Note: The column should be disconnected 
from the detector when attempting to flush out the frits to prevent possible 
plugging of the detector cell.) 

Injection of samples containing particulates ultimately will block the column 
inlet, reducing the normal lifetime of the column. Particulates also arise from 


the wear of sample injector and pump seals. The use ofa0.25-or-0,.5-4m_in- 
line filter between the injection value and the column inlet usually eliminates 
these problems. These low-volume filters are designed to minimize extra- 


column effects but must be replaced after a series of i 
increase in column backpressure usually signals that the inlet filter needs 
replacing. In-line filters do not eliminate the desirability of removing obvious 


the sample before injection. Opalescent or cloudy samples should be treated 
with a 0.25-ym filter. The small filters that attach to hypodermic syringes are 


convenient for this operation. Finally, changing pump seals and sample-valve 
rotors regularly will minimize problems with frit pluggage. Particulates from 
worn seals and rotors are a major source of material that can plug frits. 


5.4.3.2 Strongly Held Sample Components. Column life often can be short- 
ened significantly by a buildup of strongly sorbed sample components at the 
column inlet. This buildup of noneluted components is especially a problem 


with complex samples such as extracts of biological tissues or fluids (e.g., 
serum), oil-containing formulations, and so on. Column contamination often 
is not a serious problem with essentially pure samples such as synthetic drugs. 
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tailing peaks_(as-in Fig.5.23) during the-use-of 


a column often signals the buildup of strongly retained contaminants on the 
column inlet. This buildup can be reduced by inserting a guard column between 


the sampling valve and the analytical column. The guard column is a well- 
packed short length (e.g., 1 to 2 cm) containing a packing equivalent to (or 
similar to) that in the analytical column. This unit captures strongly retained 
sample components and prevents them from entering the analytical column. 
Guard columns must be replaced at regular intervals, before strongly retained 
components elute into the analytical column. Some users prefer not to utilize 
guard columns because of the added expense and inconvenience of determin- 
ing when to change to a fresh unit. The questionable quality of some guard 
columns also inhibits their use, particularly with low-volume, high-efficiency 
columns whose performance is especially affected by extra-column band 


effects. 
Flushing the column at least daily with a strong solvent (guard column 
removed!) enhances column life in isocratic separations. This preventive main- 


tenance approach removes strongly retained components that slowly build up 
on the column inlet (see also Section 5.3.2). (Use methanol or acetonitrile for 
reversed phase; methanol for normal phase). In extreme cases, the column 


can be backflushed with a strong solvent. In gradient separations, cleansing of 
the column by strong solvents is conveniently accomplished by periodically 
allowing 100% of the strong (B) solvent at the end of the gradient to purge 
through the column for at least 20 to 30 column volumes. Dirty samples should 
be pretreated to remove strongly retained components (late eluters), also 
particulates. In Chapter 4 we discuss sample pretreatment methods. Alterna- 
tively, the proper use of a guard column is effective and strongly recommended 


for routine applications. 


5.4.3.3 Poorly Packed Columns, The initial condition of the packed column 


and the way in which it is used largely determine column lifetime. Compaction 
of the packed bed after relatively short use usually results in a void in the 
column inlet and a sudden decrease in column plate number. A void can result 


when the column has been poorly packed. Unfortunately, the initial condition 
of a column (i.e., plate number, asymmetry factor, etc.) often is not a good 


indicator of whether the column bed will be stable. Bed stability can only be 


determined under the stress of actual use. 


5.4.3.4 Pressure Effects. Sudden pressure surges and any kind of mechani- 
cal or thermal shock should be avoided to minimize changes in peak shape 


or N values that might require column replacement. All types of sudden 
mechanical and thermal shock (e.g., dropping the column on the lab bench 
or rapidly changing column temperature) also should be minimized. Voids 


can be caused by pressure surges that result from slow valve actuation 
during sample introduction, which is a special problem with some autosam- 


plers. Pressure surges also can be a special problem with column switching 
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methods (Section 4.6). Special valves are available (e.g., Rheodyne MBB) 


that avoid the pressure surge of valve switching. Losses in resolution from 
pressure surges are minimized by using well-packed columns and by operat- 
ing at lower column pressures. Pressure-related precautions usually are of 


minor importance for extending column life for silica-based HPLC columns; 
well-made columns are rugged. However, columns with other types of 
particles sometimes are too fragile to withstand significant flow, pressure, 
and temperature variations. 


5.4.3.5 Chemical Attack. Useful column lifetime can be reduced signifi- 
cantly by loss of the stationary phase during separations. Stationary/mobile 
phase combinations that lead to a rapid loss of bonded phase should be 
avoided. (Follow the column manufacturer’s recommendations.) Reversed- 
phase columns with short-chain silane groups are the least stable. In highly 


aggressive mobile phases (e.g., pH < 2.0), some columns of this type can 
lose most of the organic phase within a few hours [36]. Reversed-phase 


columns with long alkyl groups (Cg or-C;g)-are_usually 


stable. However, even these columns will lose bonded phase when used 


at very low or high pH. Use of degre protected silane cand! phases 


(Fig. 


5.12). Nevertheless: many G and Cs colún anally snow good long- 
term stability, provided that proper operating procedures are followed (2.5 
= pH = 8.0). 


5.4.3.6 Other Factors. The stability of the bonded organic ligand on a 
reversed-phase column depends on the type and acidity of the silica used as 


the-support_[5,11,46]. Packings made with fully hydroxylated silicas having-a 


homogeneous distribution of surface silanol groups show superior stability. 
Studies suggest that the stability of reversed-phase packings may be a function 


of the pH of the silica 
can occur for columns made with highly purified silica supports having a lower 
surface acidity (see Table 5.4). 


Loss of stationary phase from silica-based columns is accelerated at 
higher temperatures. Figure 5.27 shows the large difference in the dissolution 
of the silica support for a densely bonded dimethyl-C,g column when the 


temperature is increased from 40 to 60°C while using a pH 7 phosphate 
buffer. Temperatures above about 40°C should be used with caution when 
operating at intermediate and high pH with phosphate buffers [46]. Use 
of organic buffers (e.g, TRIS, HEPES, citrate) can significantly increase 


columnifetime-over that-when 


pH (6 to 9) [46,46a]; see also Fig. 5.16. Columns operated at pH 4 to 6 
are more stable at higher temperatures because of the lower silica solubility 


associated with the buffers commonly used in this pH range (acetate, 
citrate). Higher-temperature operation at pH = 3 can degrade the bonded 
stationary phase more rapidly and cause retention reproducibility problems 
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FIGURE 5.27 Effect of temperature on silica support dissolution with pH 7.0 phos- 
phate_buffer_Columns:_Zorbax_Rx-C18,_15_x_0.46-cm;-continuous_nonrecycled 20% 


acetonitrile~80% sodium phosphate buffer, 0.25 M, pH 7.0; 1.0 mL/min. (Reprinted 
with permission from Ref. 46.) 


over the long term. An exception is columns of sterically protected stationary 
phases (Section 5.2.3). Silica-based columns of diisobutyl-C,s packings have 


been-operated for long periods at 90°C and pH 0.9 without deterioration (see 


Fig. 5.12 and Ref. 45). 
The insertion of a precolumn (saturation column) packed with silica before 


the sampling valve sometimes increases the stability of silica-based columns 


used under harsh operating conditions, particular at pH > 8.0 [58]. This 
column (which can be packed with coarser particles) apparently conditions 


the incoming mobile phase with dissolved silicate, retarding silica dissolution 
from the analytical column. (A 0.2-um filter should be installed after this 
precolumn to exclude particles from the injector.) However, several disadvan- 


tages are associated with the use of precolumns: 


- Higher overall column backpressures 


- Inability to monitor analytical column pressure 
- Slower column changeover and equilibration 
- Gradient elution not practical 


The result is that we do not recommend the general use of precolumns; using 


a more stable column or less aggressive mobile phase is a better approach. 
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Microbial growth often occurs in buffers and aqueous mobile phases that 


are prepared and stored at ambient temperature for more than a day. Particu- 
lates from this source can plug the column inlet and reduce column life 
significantly. As a result, mobile phases that are free of organic solvents should 


be discarded at the end of each day. Alternatively, 200 ppm of sodium azide 
can be added to aqueous mobile phases to retard bacterial growth. (Careful 
disposal of aqueous mobile phases containing azides—toxic and potentially 
explosive—is mandatory). Alternatively, about 20% of organic modifier in 
the mobile phase retards bacterial growth. The organic modifier also assists 
in the mobile-phase degassing process. 

The performance and lifetime of bonded-phase columns are best preserved 
by storing them in 100% organic solvent (preferably acetonitrile) where possi- 
ble. Storage with buffered solutions (particularly those containing high concen- 


trations of water and alcohols) should be avoided. When buffers are used, 


columns should be flushed with 15 to 20 column volumes of the same aqueous- 
organic mobile phase without buffer before converting to 100% organic for 


storage._Flushing densely _bonded—C,,-columns_with_pure-water-should_be 
avoided. Columns should be capped tightly during storage, to prevent the 
packed bed from drying out. 


Table 5.14 summarizes steps to ensure good column lifetime and continued 
good performance. Reference 49 should be consulted for a detailed account 
of problems with columns and how to troubleshoot, minimize, and fix these dif- 
ficulties. 


5.4.4 Suggested Column for Method Development 


Most HPLC methods use silica-based bonded-phase columns as the separating 
medium. For separations not requiring other types of column packings, we 


TABLE 5.14 Steps for Ensuring Best Column Lifetime and Performance 


. Use well-packed columns. 
. Minimize pressure surges; avoid mechanical and thermal shock. 
. Use a guard column and an in-line filter. 


. Flush column frequently with strong solvent. 

. Pretreat dirty samples to minimize particulates and strongly retained 
components of no interest. 

. Use stable Slatiphaty phase S eal) 


NAU Ne 


e-pH(6to-8). 


. Use olima bemperstiires of < "40°C (except sterically protected at low pH). 
. Keep mobile-phase pH between 3.0 and 8.0 for most silica-based columns. 
Add 200 ppm sodium azide to aqueous mobile phases and buffers. 


FBP Oomna 


— pà 


. For overnight and storage, purge out salt and buffers, leave in pure organic 
(preferably acetonitrile). 
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recommend the following column specifications as a starting point for most 


method-development studies: 


-Column configuration: 25 or 15-<_0.46-cm 

- Support particles: 5-~m porous silica microspheres 

- Pore size: 80 to 100 A (except for macromolecules) 

- Particle surface area: 150 to 350 m?/g 

- Bonded phase: Cg or Cig (reversed phase); CN or diol (normal phase) 


Columns with the properties listed above are widely available with good use 
properties. As method development proceeds, other column configurations, 
particle size, and so on, may be indicated. 
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6.7 Optimizing the Separation of Nonionic Samples in Normal-Phase Chromatog- 


raphy 
6.7.1 Initial Conditions 
6.7.1.1 Choice of Column 


6.7.1.2 Mobile-Phase Solvents 

6.7.2 Adjusting Retention 

6.7.3 Optimizing Selectivity 

6.7.4 Other Considerations 
6.7.4.1 Slow Column Equilibration and Solvent Demixing 
6.7.4.2 Changes in Stationary-Phase Water Content 


6.1 INTRODUCTION 


As discussed in Section 1-4, the nature of the sample determines the best 
approach to HPLC method development. The method-development strategy 
recommended in this book is summarized in Fig. 1.3, where various samples 


are classified as regular or special. Regular samples are divided further into 
neutral and ionic samples. Ionic samples contain one or more compounds that 
are ionic or ionizable (acids, bases, organic salts). This chapter deals with 
the separation of neutral samples containing only non-ionizable compounds. 
Method development for samples that contain ionic compounds is discussed 
in Chapter 7; however, many of the approaches described in this chapter for 
modifying the separation of neutral compounds are applicable to ionics as 


well. The recommended initial approach to method development for both 


neutral and ionic samples is provided in Chapter 9. 
Part I - Reversed-Phase Chromatography 


Reversed-phase chromatography (RPC) is the first choice for most regular 
samples. RPC is typically more convenient and rugged than other forms 
of LC and is more likely to result in a satisfactory final separation. High- 


performance RPC columns are efficient, stable, and reproducible (Section 
5.3). Detection often is easier in RPC (especially for UV detectors) because 
of the solvents used. Finally, most workers have more experience with RPC 


than with other HPLC methods. 

Although many organic compounds have limited solubility in the (aqueous) 
mobile phase, this is not a practical limitation because only small amounts 
(nanograms or micrograms) of sample are usually injected (see Section 2.4). 


In those cases where sample solubility in RPC mobile phases is exceptionally 
poor, normal-phase chromatography (NPC) is a preferred alternative. Simi- 
larly, samples that are unstable in aqueous media can also be separated by 


NPC using non-aqueous solvents. 
Some samples cannot be easily separated by RPC and must be handled in 


a different manner. Special samples (Fig. 1.3) contain compounds that fall into 
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one of the following categories: very hydrophilic or hydrophobic compounds, 


achiral isomers, chiral isomers (enantiomers, Chapter 12), or biomolecules 
(Chapter 11). Inorganic ions and synthetic polymers are also “special” but 
are not discussed in this book. Very hydrophobic compounds are strongly 


retained in RPC and may require the use of non-aqueous conditions (non- 
aqueous reversed-phase chromatography or NARP, Section 6.5). Alterna- 
tively, such separations can be carried out by normal-phase chromatography 
(NPC) (see Part II of this chapter). Some very hydrophobic biological mole- 
cules can be separated by hydrophobic interaction chromatography (HIC); this 
is discussed in Chapter 11. Very hydrophilic samples may not have sufficient 
retention in RPC, even with mobile phases containing little or no added 
organic solvent. The separation of hydrophilic ionic samples is discussed in 
Chapter 7. Neutral hydrophilic compounds are best separated by NPC (Sec- 
tions 6.6 and 6.7) because of their strong retention on NPC columns. Certain 


hydrophilic compounds can also be separated by hydrophilic interaction chro- 
matography Eo beanies 1S E in Se 6. 6. > and napi 11. 
Achiralis e e 


be separated in some cases ; by RPC. However, the raO of isomeric 
mixtures often requires either NPC (Section 6.7) or RPC with a cyclodextrin 


bonded-phase{Section6-3-3}-Fhe 


of special conditions, as discussed in Chapter 12. 


6.2 RETENTION IN REVERSED-PHASE CHROMATOGRAPHY 


The basis for RPC retention is shown schematically in Fig. 6.1. Separation by 
RPC is similar to the extraction-of different-compounds-from-water-into 


an organic solvent such as octanol, where more hydrophobic (non-polar) 
compounds preferentially extract into the non-polar octanol phase. The col- 


umn_(typically,a_silica-support-modified-with-a-Cg or Cr bonded-phase}is 


less polar than the water—organic mobile phase. Sample molecules partition 
between the polar mobile phase and non-polar Cg or Cig stationary phase, 


and more hydrophobic (non-polar) compounds are retained more strongly. 
For a given mobile-phase composition, the result is a differential retention of 
samples according to their hydrophobicity, with a resulting chromatogram 


such as that shown in Fig. 6.1. Hydrophilic (polar) compounds are less strongly 
held and elute from the column first; more hydrophobic (non-polar) com- 
pounds elute last. Compounds of intermediate polarity elute in the middle of 
the chromatogram. 


The RPCretentionofacompoundis determined by its polarity and experi 
mental conditions: mobile phase, column, and temperature. As shown in Table 
6.1, there are several ways to change retention of most compounds in RPC. 


The detailed nature of reversed-phase retention is not understood completely 
[1-3], but it appears that retention can be approximated by a partition process. 
Regardless of the fundamental basis of retention, the consequences of changes 
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FIGURE 6.1 Schematic representation of reversed-phase process for non-ionic com- 
pounds. A solid dot refers to a sample molecule partitioning between the polar mobile 
phase and the non-polar stationary phase. 


in experimental conditions (mobile phase, column, temperature) have been 
well studied and can lead to a systematic approach to RPC method develop- 
ment as described in this chapter and Chapter 9. 


6.2.1 Mobile-Phase Effects 


Retention (compound k values) is preferably adjusted by changing mobile- 
phase composition or solvent strength. In RPC, retention is less for stronger, 
less polar mobile phases. Solvent polarity can be measured by the polarity 
index P’ (Table II.2 of Appendix II). Solvent strength depends on both the 


TABLE 6.1 Techniques to Modify Retention in RPC 


Decrease Retention Increase Retention 

More polar column (cyano, C4) Less polar column (Cg, Cig) 

Less polar mobile phase More polar mobile phase 
(higher % B—more organic) (lower % B—more water) 
(less polar organic solvent) (more polar organic solvent) 


Higher temperature Lower temperature 
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choice of organic solvent and its concentration in the mobile phase: % B, 


where A is water, B is organic, and % is volume %. An initial (and primary) 
goal in method development is to obtain the adequate retention of all sample 
compounds. As described in Chapter 2, a retention range of 0.5 < k < 20 is 


allowable for samples to be separated using isocratic conditions although 
1 < k < 10 generally is preferred. 


6.2.1.1 Choice of % B. An effective approach to method development be- 
gins with a very strong mobile phase (e.g., 100% ACN in Fig. 6.2). The initial 
use of a strong mobile phase makes it likely that the run time of the first 
experiment will be conveniently short, and strongly retained compounds will 
all be eluted. (Note that if no peaks are observed after 30 to 40 min with 
100% ACN, another method may be needed; see Chapter 9 for proposed next 
steps.) For 100% ACN, the entire sample elutes near to (k < 0.2), so a weaker 


mobile phase is required. Successive reductions in % ACN by 20% result in 
the 80% and 60% ACN separations of Fig. 6.2, neither of which is acceptable 
interms-of the retention-of the first band (t-= 1.0 min, k < 0,5). Adequate 


retention is achieved for both 50% and 40% ACN (0.5 < k < 20 for both 
cases). If the mobile phase is much weaker (< 30% ACN), the retention for 


compound D-would-be-unacceptably_long-(k> 20, as-shown_by-plot_D in Fig. 


6.3). Note for both 50% and 40% ACN that the separation of all four com- 
pounds has been achieved, with slightly better resolution for 40% ACN 
(R, = 2.0 for compounds B and C) at the cost of a longer run time. Many 
samples can be adequately separated by this simple approach of retention 
adjustment using solvent strength. 

In Fig. 6.3, the retention data of Fig. 6.2 are plotted as log k vs. % B. The 
horizontal dashed lines for k = 0.5-and 20 define minimum and maximum % 


B values for acceptable retention: 30 to 56% B (dotted vertical lines). The 
dependence of RPC retention on % B has been studied exhaustively, as 


reviewed in Ref-4. Asa first approximation, plots of log k-vs.% B-aretinear 


(as in Fig. 6.3): 


log k = log ky ~ Sd (6.1) 


Here k,, is the theoretical value of k for only water as mobile phase (0% B), 


S is a constant for a given sample compound (conditions other than % B 
constant), and ¢ is the volume fraction of organic in the mobile phase [¢ = 
(% B/100)]. For most low-molecular-weight compounds (< 500 Da), § ~ 4. 

A consequence of Eq. 6.1 and $ = 4 is that k increases by a factor of 2 to 


3 for a decrease of 10% B, as illustrated in Fig. 6.2 for compounds A to D: 
For example, the value of k for compound D increases from 9 to 23 as the 
mobile phase is changed from 40 to 30% B (Fig. 6.3). This rule of 3 (approxi- 


mate three-fold increase in k for a 10% B decrease) is useful in quickly 
estimating the best value of % B for acceptable retention of all sample com- 
pounds. 


50% ACN 


40% ACN 


FIGURE 6.2 Effect of a change in percent organic on RPC separation of a hypotheti- 


cal sample. Conditions: 15 x 0.46-cm Cis column, 1.5 mL/min flow rate (tọ = 1.0 min). 
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Log k 


20 30 40 50 60 70 80 
% B 


FIGURE 6.3 Plot of compound retention (log k) vs. mobile phase strength (% B) 
for sample of Fig. 6.2. See the text for further details. 


Systematic decrease of % B (as in Fig. 6.2) to investigate sample retention 


is a simple and convenient way to determine the best mobile-phase composi- 
tion for a given sample. A faster alternative procedure uses gradient elution 


(Section 8.2.2). 


6.2.1.2 Mobile-Phase Strength. Mobile-phase strength in RPC depends on 


both % B and the type of organic solvent. These effects are illustrated in the 
solvent-strength nomograph of Fig. 6.4 for three commonly used RPC solvents: 


O 10 20 30 40 50 60 70 80 90 100 
——— semam amans Saunas SaS E S S, E 
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FIGURE 6.4 Solvent-strength nomograph for reversed-phase HPLC. (Adapted from 
data of Refs. 5 and 6.) 
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acetonitrile (ACN), methanol (MeOH), and tetrahydrofuran (THF). A verti- 


cal line connects % B values for mobile phases having the same strength 
(giving similar values of k). For example, 40% ACN should provide similar 
values of k and run time as 50% MeOH and 30% THF. Sli i 


scales of mobile-phase strength have been reported by other workers [7,8]. 
These various scales are at best approximate for any particular sample and 
should be used only as a rough guide (+5% B accuracy). The use of Fig. 6.4 
in RPC method development is discussed further in Sections 6.3.2 and 6.4.2.2. 

Figure 6.4 and other literature data suggest that RPC solvent strength varies 
as water (weakest) < methanol < acetonitrile < ethanol < tetrahydrofuran 
< propanol < (methylene chloride) (strongest). Thus, solvent strength in- 
creases as solvent polarity decreases. Appendix II includes polarity values P’ 
for a number of common solvents. 


Any of the foregoing solvents might be used with water for RPC, except 


methylene chloride, which is not water miscible. Because it is quite strong, meth- 
ae chloride- modified solvents can be spd to aran RPC columns that have 


5, 4. 3, 2). Ace onii (ACN)i is the best initial choice of Sakic solvent for the 
mobile phase. ACN-water mixtures can be used with UV detection at low wave- 


lengths (185 to 210 nm), which may be necessary for some samples (Section 
3.2.2). ACN-—water mixtures also have much lower viscosities, resulting in some- 
what higher plate numbers and lower column pressures (both desirable). The 
next best organic solvent is methanol (MeOH), followed by tetrahydrofuran 
(THF). These three solvents are widely used to control selectivity and separation 
in RPC (Section 6.3.2). THF has some disadvantages: higher UV absorbance, reac- 
acl with oxygen, and slower column seo a when me moons phase is 


‘Occasionally, a ale cannot be hited from a column using 100% ACN. 
These very hydrophobic samples require the use of even stronger mobile 


phases (e.g., high-% THF-water, or THF-ACN). When the mobile phase 
contains no water, the HPLC mode is referred to as non-aqueous reversed- 
phase LC (NARP), as discussed in Section 6.5. 


6.2.2 Column and Temperature Effects 


RPC separations are usually carried out with silica-based, bonded-phase col- 
umns (Section 5.2.3). Sample retention depends on three characteristics of 
the column: type and concentration of bonded phase and column surface area. 
Retention varies with the nature of the bonded phase [9~11] and generally 


increases as the chain length or hydrophobicity of the bonded-phase group 
increases. For example, retention on a Cıa column is usually slightly greater 
than on a Cg column (other conditions, including bonded-phase density, being 


the same). RPC retention for non-polar, non-ionic compounds generally fol- 
lows the pattern [9-12] 


i; 
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(weak) unbonded silica << cyano < C, (TMS) < G < C, < 
phenyl < Cg = Cig (strong) (6.2) 
This retention relationship is illustrated in Fig. 6.5 for both non-polar (anthra- 
cene) and polar (diethylphthalate) compounds on different commercial col- 
umns. Polystyrene and porous graphitic carbon columns (Section 5.2.3.2) are 
even more retentive than a Cı column, other factors being equal [13]. Column 
strength can be defined in terms of the bonded phase, a cyano column being 
weak and a Cig column strong. 


k Comparison for Different Bonded Phases 
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FIGURE 6.5 Retention of anthracene and diethyl phthalate on columns from differ- 


ent commercial sources. (From Ref. 12.) 
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Values of k are also proportional to column surface area. A typical column 


packing (8-nm pores) will have a surface area of about 250 m? per gram of 
packing, while particles with 30-nm pores will have a surface area of about 
60_m2/g. Other conditions being the-same, -k-values-for-a-30-nm-pore-(low- 


surface-area) column will be about one-fourth as large (60:250) as k values 
for an 8-nm-pore column. Therefore, a wide-pore (low-surface-area) cyano 
column is quite weak and much less retentive than a narrow-pore (high- 
surface-area) Cig column. 

A change in column strength can be used to control sample retention (k 
range), but in most cases a change in solvent strength (% B) is more effective 
and convenient. Two exceptions can be noted, however. Very hydrophobic 
samples are strongly retained, and in some cases their elution from a strong 
column (e.g., narrow-pore C;g) may not be possible, even with NARP condi- 
tions_(Section_6.5)._In_this_case, the use_of_a_weaker-column_(e.g.,_wide 


pore cyano) may allow the convenient elution of the sample. Similarly, very 
hydrophilic samples may benefit from the use of a narrow-pore, highly reten- 


tive Cg or 
An increase in temperature by 1°C will usually decrease values of k by 1 
to 2% for non-ionic compounds. Thus, a change in temperature can be used 


to control sample retention (k range), similar to a change in % B. This is 
seldom used in RPC, however, since it is more effective to vary solvent 
strength. For very hydrophobic samples it can be useful to operate at higher 
temperatures with a very strong mobile phase (NARP, Section 6.5) and a 
very weak column. 
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Adjusting the sample k range is only the first step in achieving adequate 


separation. Once overall sample retention is acceptable (0.5 < k < 20), it 
may be necessary to change the band spacing or selectivity (œ) of different 
bands. Three main variables can be used in RPC to change selectivity for 


neutral samples: mobile-phase composition, column type, and temperature. 
A change in mobile-phase composition is generally the most effective and 
convenient and should be tried first. Changes in temperature are especially 


convenient but provide generally smaller changes in a. However, small 
changes in a are adequate for separating many samples. 


6.3.1__Solvent-Strength Selectivity. 
The primary effect of a decrease in % B is to increase k for every sample compo- 
nent. In Fig. 6.2 a change in % B results in a similar change in k for compounds 


A to D. The selectivity (a) of adjacent peak pairs (e.g., compounds B/C) does 
not change much as % B is varied from 30 to 56% B (the range for which 0.5 < 
k < 20), although resolution continues to increase as % B is decreased. In other 
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cases, however, the spacing of adjacent bands can change markedly as a function 


of % B. This solvent-strength selectivity is illustrated in the example of Fig. 6.6. 
Band pair A/B is critical for the 60% and 50% ACN separations (i.e., the resolu- 
tion of compounds A and B is poor for a mobile phase of > 50% ACN). Since 


the separation of A and B improves for a decrease in % ACN, a further decrease 
in solvent strength to 40% ACN is expected to give even better resolution of 
this band pair, as observed in Fig. 6.6. However, the separation of band pair C/ 
D becomes worse as solvent strength decreases, so that at 40% ACN, compounds 
C and D become the critical band pair. 

When the resolution of one band pair increases and the resolution of 
another band pair decreases with a change in % B (as in Fig. 6.6), the identity 
of the critical band pair is changed. The best sample resolution will then occur 
for a % B value where both band pairs have the same resolution (where both 
pairs are critical). In the example of Fig. 6.6, the best separation is obtained 


for an intermediate solvent strength, namely 45% ACN. 
There is generally some range of % B values that provide acceptable values 


of k for all compounds of a given sample. Within this range, a particular 


mobile phase (% B) will provide the best overall sample resolution (45% ACN 
in Fig. 6.6). The selection of an optimum solvent strength (% B) as in Fig. 6.6 


can_be achieved by systematic trail-and-error experiments. Thus, the runs for 


40% and 50% ACN suggest that an intermediate % ACN value will provide 
a better separation of both band pairs, A/B and C/D. Computer programs as 
described in Section 10.2 can also be used to determine the optimum % B 
value more precisely and with a minimum of experiments. 

Many different studies have shown that changing selectivity by changing 
solvent strength is often significant for RPC [14-19]. A big advantage of this 


approach for adjusting peak spacing is that it can be explored while % B is 


varied for optimum sample retention (0.5 < k < 20). Thus, little experimental 
effort is normally required in adjusting selectivity for adequate resolution. An 
example of solvent-strength selectivity is shown in Fig. 6.7 for the separation 


of a mixture of nitro-substituted benzene derivatives [16]. For 60% MeOH as 
mobile phase (Fig. 6.7a), band 7/8 (arrow) are critical, while for 50% MeOH 


(Fig.6.7c), bands 2/3 
is for an intermediate mobile-phase composition: 55% MeOH i in Fig. 6.75. 
The use of solvent-strength selectivity is limited mainly by the retention range 


of the sample [i.e., the ratio k,/k, for the first (a) and the last (z) bands in the 
chromatogram]. This ratio can be 40 at most if 0.5 < k < 20 is maintained. When 
this ratio is large (e.g., > 20), the acceptable variation of % B is small and possible 
changes in selectivity by changing % B are also small. However, this limitation 


becomes much less important when gradient elution is used (Section 8.4.2). 


6.3.2 Solvent-Type Selectivity 


A change in organic solvent type is often used to change peak spacing and im- 
prove resolution [5,20-25]. The selection of different RPC solvents for this pur- 
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- ivity: effect of a change in percent organic on 
RPC separation for a hypothetical sample. Conditions: 15 Xx 0.46-cm Cis column, 
1.5-mL/min flow rate. 
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FIGURE 6.7 Separation of nitro-substituted benzenes as a function of solvent 


strength (percent methanol). Arrows show critical band pairs. (From Ref. 16.) 
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pose has been guided by solvent properties that are believed to affect selectivity: 


acidity, basicity, and dipolarity. Various organic solvents can be classified ac- 
cording to these properues [26], as shown i in Figs: 2 ane. 8. This P 


2. 3, 2. The key feature of this classification of solvents for practical method devel- 
opment is that only three solvents should routinely be chosen to provide the best 
opportunity for selectivity changes. Three water-miscible solvents in Fig. 6.8 
differ significantly in their selectivity properties (shaded area) and are also ac- 
ceptable in terms of UV absorptivity and viscosity: acetonitrile (ACN), metha- 
nol (MeOH), the tetrahydrofuran (THF). Therefore, these three solvents are 
recommended for solvent-type selectivity investigations in RPC. Intermediate 
selectivity (if needed for a particular sample) can be obtained by blending appro- 
priate amounts of each of these solvents, as described more fully below. 


A striking example of solvent-type selectivity is shown in Fig. 6.9. Here-a 
change from 50% MeOH to 25% THF results in a complete reversal of the 
elution order of these four compounds! It should be noted, however, that 


changes in selectivity that do not involve band reversal can still be highly 
advantageous. Only a slight increase (2 to 5%) in the selectivity (or a value) 


ACIDIC DIPOLAR 


FIGURE 6.8 Modified solvent-selectivity triangle. Cross-hatched area refers to selec- 
tivity provided by MeOH, ACN, and THF. (Reprinted with permission from Ref. 26.) 
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25% THF 
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{min} (min) 
(a) (b) 
FIGURE 6.9 Solvent-type selectivity in RPC. (a) 50% MeOH-water; (b) 25% THF- 
water. Bands are: 1, p-nitrophenol; 2, p-dinitrobenzene; 3, nitrobenzene; 4, methyl 
benzoate. (Reprinted with permission from Ref. 22.) 


fora critical band pair (by some change in experimental conditions) may be 
necessary to achieve acceptable resolution. 
A more complex example of solvent-type selectivity is shown in Fig. 6.10 


for a mixture of substituted benzenes. For 50% MeOH (Fig. 6.102), overlapped 
peaks 1/2 are critical. Replacing MeOH in this mobile phase with THF requires 
a change in % B to maintain the same solvent strength (see Fig. 6.4). For 32% 


THF (Fig. 6.105), peaks 1/2 are well separated, but now peaks 2/3 are critical. 
Therefore, some mixture of these two mobile phases should provide a better 
separation of the sample, and this is seen for a 1:4 blend of 50% MeOH and 


32% THF (Fig. 6.10c). Note also in this example that the relative retention 
of peaks 4 to 6 reverses in going from 50% MeOH to 32% THF. 

Solvents other than ACN, MeOH, and THF have found occasional use 
as a means of optimizing selectivity (e.g., dioxane, propanol, dimethylsulfox- 


ide, 2-methoxyethanol) [27]. While useful differences in selectivity are 
observed for some samples with these alternative solvents, their use must 
be weighed against their less desirable properties: higher UV absorbance, 


higher column backpressure, and issues of purity and stability. Changing 
solvent type in RPC is usually the most effective procedure to alter 
selectivity and achieve the separation of multi-component neutral samples. 
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FIGURE 6.10 Solvent-type selectivity in RPC. (a) 50% MeOH-—water; (b) 32% THF- 
water; (c) 10% MeOH-25% THF-water. Bands are: 1, benzyl alcohol; 2, phenol; 
3, 3-phenylpropanol; 4, 2,4-dimethylphenol; 5, benzene; 6, diethylphthalate. (Re- 
printed with permission from Ref. 6.) 


We emphasize this approach as a major tool in developing reversed-phase 


separations for complex samples. 


6.3.3_Column-Type Selectivity 


A change in column type can produce useful changes in selectivity [9-12,28,29]. 
In Fig. 6.11, changes in band spacing are evident in each chromatogram for 


these three different column types. For example, bands 6 and 7 are better 
separated on the phenyl and Cg columns than on the cyano column. Con- 
versely, bands 5 and 6 are better separated on the cyano column than on the 
Cg column. The phenyl column provides the best separation of this particular 


sample for this particular mobile phase. A change in either % B or solvent 
type is likely to change selectivity further for each column, so it is possible 
that the phenyl column is not the only (or the best) column for the sample 


of Fig. 6.11. 
A change in column type can also change overall sample retention as 
described in Section 6.2.2. This effect is illustrated in Fig. 6.11 for the separation 
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FIGURE 6.11 Effect of column type on selectivity. Columns: Zorbax SB-CN, SB- 
phenyl, SB-C8, 15 x 0.46 cm; 35% ACN-65% water; 1.0 mL/min; 22°C: 254-nm UV 
detection. (Reprinted with permission from Ref. 28.) 
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of a series of herbicides on three columns with different bonded-phase func- 


tionalities using 35% ACN-—water. Retention is greater (and run time longer) 
on the “stronger” Cg and phenyl columns vs. the “weaker” cyano column. A 
change of the column is usually less useful than a change in the mobile-phase 


type. For this reason, a change in column type for the purpose of improving 
selectivity and separation should be tried after the use of solvent-strength or 
solvent-type selectivity has failed. If the column is changed, the mobile phase 
must be reoptimized for the new column. Other studies [9,10,29] have shown 
that column selectivity is quite different for cyano, phenyl, and either Cg or 
Cig columns. Usually, a Cg or Cig column should be tried first, followed by a 
cyano, then by a phenyl column. 

A change in selectivity by changing column type may also be advantageous 
if only one organic solvent can be used. For example, low-wavelength UV 
detection (< 210 nm) may be required, in which case-only ACN and water 


are usable. If some or all of the sample components are unstable or 
potentially reactive with the mobile phase, a specific organic solvent may 


also be required. Band spacing changes in RPC can also be affected by 


changing the source of a given column type. For instance, a brand X Cig 
column could be replaced with a brand Y C,g column of the same length 


and column diameter. While selectivity changes may result in this case 
(especially for the case of ionic samples), we do not recommend this 
approach. Selectivity differences of this type can arise for a number of 
different reasons, such as type of silica used, technique and type of bonding 
chemistry, the presence or absence of endcapping, and other factors (see 
Chapter 5 for a more complete discussion). These differences are often 
difficult to control from batch to batch of column packing, are therefore 


less reproducible over time, and can result in RPC methods that are less 
rugged. This topic is discussed more fully in Section 7.3.3. 
There is an important exception to the recommendation above not to 


use columns from a different source as a means of changing selectivity. 
Wide-pore RPC Cs columns prepared from polyfunctional (polymeric) 


(PAH) that differ in “shape,” due to intramolecular crowding [30]. For this 
reason, wide-pore columns made with polyfunctional silanes are preferred for 


the 


differences in C,g bonding and resulting column selectivity by means of 
the PAH test mixture described in Ref. 30; see Appendix V. RPC columns 
of similar selectivity, which may be interchangeable for some HPLC methods, 


can_be_inferred_from_the_grouping of columns_in Table V.2-of-Appendix 
V (see also Fig. 5.9). 
Column packings bonded with cyclodextrin (CD) are also used in RPC, 


$2.5). These 
CD columns have also been found to be quite effective in separating other 
(achiral) isomers [31-33]. In this regard, CD-bonded columns compare favor- 
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ably with the use of normal-phase HPLC for isomer separation (Section 6.6.1). 


An example is shown in Fig. 6.12. 


6.3.4 Temperature Selectivity 


Values of k typically decrease at higher temperatures for the RPC separation 
of neutral compounds (Section 6.2.2). However, large changes in selectivity 
with temperature are less common with non-ionic solutes. Thus, a change in 
temperature is in most cases less effective for non-ionic compounds as a means 
of altering selectivity for improved separation. However, some examples exist 
such as the one shown in Fig. 6.13. Compounds 2 and 4 are twisted molecules 
(o- and m-terphenyl), while the remaining four compounds are planar, fused- 
ring polyaromatics. As the temperature is increased, the relative retention 


of the-planar-compounds-decreases-more-rapidly_than-for the-non-planar 
compounds. As a result, the critical bands 2 to 4 change their spacing as 
temperature is varied. Band 3 overlaps band 4 at 36°C, but moves toward 


band 2 as the temperature is raised and overlaps band 2 at 48°C. An optimum 
band spacing for this mobile phase/stationary phase system is obtained with 
a temperature of 42°C. 
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FIGURE 6.12 Separation of isomers with a cyclodextrin-bonded column. Conditions: 
25 Xx 0.46-cm Cyclobond I column; 30% ACN-buffer (pH 4.5); 2.0 mL/min; 35°C. 
(Reprinted with permission from Ref. 32.) 
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Time (min) 


FIGURE 6.13—Effect-of-a-_change-in_temperature—on_selectivity—for—a_mixture—of 


polyaromatic hydrocarbons. Sample: 1, anthracene; 2, o-terphenyl; 3, fluoranthene; 
4, m-terphenyl; 5, triphenylene; 6, chrysene. Conditions: 31.4 X 0.46-cm Cig column; 


80% ACN=water; 1.0 mL/min; temperature as indicated. {Chromatograms recon- 
structed from data of Ref. 34.) 


6.4 OPTIMIZING THE SEPARATION OF NON-IONIC SAMPLES IN 


REVERSED-PHASE CHROMATOGRAPHY 


The recommended initial approach for RPC method development, summa- 
rized in Chapter 9, is applicable for regular samples of any type (ionic or 
neutral). While adequate separation of most neutral samples should be achiev- 
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able in this way, the chromatographer can carry out effective method develop- 


ment in other ways as well. In this section we describe some of these techniques, 
especially for those samples that require additional method-development ex- 
periments aimed at changing selectivity. These include: 


: Use of solvent type plus % B (Section 6.4.2.2) 

- Use of organic solvent mixtures (Section 6.4.2.3) 

- Change in column type plus change in % B (Section 6.4.2.4) 

- Combined use of different solvents plus column types (Section 6.4.2.5) 


6.4.1 Getting Started 


Recommended starting conditions for developing RPC methods for non-ionic 


compounds are summarized in Table 1.3. These parameters are selected to 
offer a good compromise among resolution, run time, and pressure [35]. A 


15- or 25-cm, 5-am Cg or Cig 
ACN-water as the mobile phase. The flow rate should be 1 to 2 mL/min. The 
column temperature should be controlled at some temperature between 35 


and 45°C, to avoid possible changes in retention and selectivity as room 
temperature varies. However, temperature control is less critical for separating 
non-ionic samples. If the optimum wavelength for UV detection is not known 
initially, detection at 210 nm is probably the best first choice (Section 3.2.2). 

The recommended approach to RPC method development for the isocratic 
separation of neutral samples is outlined in Table 6.2 The first experiment 
can be carried out in either an isocratic or gradient mode. An initial 


here; see the discussion in Section 8.2.2 


and Section 9.2.1 for the (preferred) use of an initial gradient run. Figures 
6.2 and 6.6 illustrate both the initial isocratic run (100% ACN) and the 


subsequent trial-and-error experiments that lead to satisfactory sample 


TABLE 6.2 Recommended Approach for 
Reversed-Phase Method Development 


1. Adjust % B for 0.5 < k < 20 (preferably, 


1< k< 10) 
2. Check for band tailing or low plate number 
3. Adjust selectivity if necessary 

a. Fine-tune % B 


b. Change organic solvent 
c. Mix organic solvents 
d. Change column type 


e—Vary 


4. Optimize column conditions (column length, 
particle size, flow rate) 
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retention (0.5 < k < 20). Samples that are retained either too strongly 
or too weakly for any value of % B require special handling (Section 
9.2.2). In addition, if tailing bands, low column plate numbers (N), or 
other undesirable peak shape effects are observed, they should be dealt 


with before proceeding with further method development. Often, this will 
require remedies discussed in Chapter 7. 


6.4.2 Optimizing Selectivity 


Once the % ACN for acceptable sample retention has been established, it 
may be necessary to adjust selectivity for improved separation (i.e., either a 
shorter run time or better resolution). As described earlier in this chapter, 
there are many ways to change selectivity; a list of these possibilities is given 
in Table 6.3. Means of changing selectivity are listed in rough order of priority 


and are considered next. 


TABLE 6.3 Options for Improving Selectivity” 


Vary solvent strength Advantages: easy and convenient; a can be explored by 


varying % B for 0.5-<k-< 20. 

Disadvantages: provides less control over a than a 
change of solvent, especially if isocratic elution is used 
for samples where k(last band) >> k(first band). 

Change solvent type Advantages: preferred procedure for changing a when a 
(ACN, MeOH, THF) change in % B is inadequate (possible changes in a 
are greater than for a change in % B alone). 

Disadvantages: less convenient than a change in % B— 


more runs required. 
Mix different solvents Advantages: provides intermediate selectivity for 
separating more than one critical band pair; expands 


the value -of changing solvent type. 
Disadvantages: less convenient—requires a larger 
number of experimental runs. 


Change -column-type Advantages: change in selectivity comparable to that for 

a change in % B; a change in column type is useful 

when oye one solvent type can be used (e.g., ACN). 
new_column 


must be installed and equilibrated; use of different 
column types connected in series for intermediate 
selectivity is less practical (mixed solvents are 


preferable). 
Vary temperature Advantages: convenient if column temperature control is 
available. 


Disadvantages: changes in a with temperature are 


usually smaller than for other variables. 


“ In rough order of priority. Two or more options can be combined (e.g., varying solvent strength 
and/or changing solvent type when changing column type). 
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6.4.2.1 Solvent-Strength (% B) Effects. The use of solvent-strength selectiv- 


ity (varying % B) is the first choice for separating unresolved bands, because 
of ease and simplicity. Selectivity effects based on solvent strength will usually 
be obvious during the adjustment of % B for acceptable retention (0.5 < 


k < 20), as in the examples of Figs. 6.6 and 6.7. The final choice of % B should 
take into account retention range (0.5 < k < 20), resolution, and run time. 
If no value of % ACN provides acceptable selectivity (unresolved bands), 
further changes in experimental conditions must be investigated. Whenever 
another means of changing selectivity is investigated, it is desirable to re- 
optimize % B for both 0.5 < k < 20 and improved selectivity. Examples of 
this approach are given below. 


6.4.2.2 Solvent-Type Effects Plus % B Effects. For most neutral samples, a 


change in organic solvent from ACN to MeOH or THFislikely toresultin major 
changes in band spacing and the resolution of band pairs that were unresolved 
with ACN as solvent. This is illustrated for the separation of a steroid sample 


in Fig. 6.14. The three chromatograms on the left side of Fig. 6.14 for 24% ACN, 
45% MeOH, and 19% THF each have k = 20 for the last band (same solvent 
strength). Whereas bands 1 and 3 are unresolved for 24% ACN, these two bands 


are baseline resolved with 45% MeOH and 19% THF. In addition, bands 4 to 6 
change relative positions between the MeOH and THF runs. 

Figure 6.14 also shows the benefit of optimizing % B for selectivity as well 
as for 0.5 < k < 20 when the solvent is changed. For the case of ACN as 
solvent, band pair 1/3 is unresolved for both 24% ACN (k = 20 for last band) 
and 42% ACN (k = 0.5 for first band). In this case, any adjustment of % B 
(same modifier) to change selectivity will be unsuccessful for this mixture. 


With methanol as solvent, band pair 4/5 is critical for 45% MeOH (k = 20 
for last band), but band pair 1/2 is critical for 65% MeOH (k = 0.5 for first 


band). Whenever a change in the critical band pair occurs -on changing % B, 


an intermediate value of % B will give better resolution. In this case, the 
separation shown for 48% MeOH is optimum (R, = 1.5). For THF as solvent, 


0.5-<-k-<20 for 19% <% B < 37%. Band pair-1/2-is critical for 19% THF 
and band pair 4/6 is critical for 37% THF. The best resolution is found for an 
intermediate % B: 24% THF with R, = 1.9. 


e separations of Fig. 6.14 suggest a simple method development strategy 
that is useful for samples with about 10 or fewer components [16,36]. The 
first experiments aim at understanding separation (R,, run time) as a function 
of % ACN. Usually, four or five runs will identify the best % ACN value, as 


in the examples of Figs. 6.2-and 6.6. If an acceptable separation results, no 
further experiments are required. For the steroid sample of Fig. 6.14, separa- 
tion is not achieved as % ACN is varied, and solvents other than ACN are 


tried next. Use of the solvent nomograph (Fig. 6.4) allows a quick estimate 
of the best % MeOH value in a smaller number of runs. In Fig. 6.14, 48% 
MeOH provides R, = 1.5 in a run time of 12 min. 
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FIGURE 6.14 Solvent-strength and solvent-type optimization for a steroid sample. Sample: 


1, prednisone; 2, cortisone; 3, hydrocortisone; 4, dexamethasone; 5, corticosterone; and 6 


cortexolone. Conditions: 15 x 0.46-cm Zorbax C8 column; 2.0 mL/min; 35°C. (Chromato- 
grams reconstructed using data from Ref. 16.) 
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If either resolution or run time is unacceptable for ACN or MeOH as 


solvents, then a few additional experiments will provide the best value of 
% THF. In this case, 24% THF gives R, = 1.9 and a run time of 9 min. 
Although this is the best separation shown in Fig. 6.14, there is no way of 


predicting in advance which solvent (ACN, MeOH, THF) will be best. The 
stepwise procedure of Fig. 6.14 ensures that a minimum number of experiments 
will be required to achieve an acceptable separation, assuming that some 
combination of solvent type and % B will be successful. 


6.4.2.3 Use of Organic Solvent Mixtures. Another powerful approach to 
optimizing solvent-type selectivity is outlined in Fig. 6.15. This procedure 
holds solvent strength constant while blending ACN, MeOH, and THF in all 
possible proportions. Run 1 in Fig. 6.15 is the result of first adjusting % ACN 


so that 0.5 < k < 20. If this 


(runs 2, 3,. . .) are carried out until an acceptable separation results. The 
mobile phases for runs 2 (MeOH) and 3 (THF) are selected from the solvent- 


(Fig. 6.4), based on the best % ACN value of run Tf. 
Mobile phases for runs 4 to 7 are prepared from the mobile phases for runs 
1 to 3 as follows: 


Volume of Indicated Mobile Phases to 
Be Combined 


Mobile Phase Run 1 Run 2 Run 3 


Run 4 1 1 
Run 5 1 1 
Run 6 1 1 


Run 7 1 1 1 


For example, the mobile phase for run 4 is prepared by blending equal volumes 
of the mobile phases for runs 1 and 2. 
Once the seven runs of Fig. 6.15 are completed, one can readily select a 


mobile-phase composition that provides the best resolution of the sample. As 
described originally [23], this procedure used a computer program for auto- 
matic method development (Section 10.3). However, the example of Fig. 6.16 
illustrates step-by-step method development that does not require the use of 


a computer and may not require all seven runs of Fig. 6.15. 
The nine-component sample of Fig. 6.16 is a mixture of substituted naphtha- 
lenes. Initial experiments with varying % ACN were used to obtain 52% ACN 


for 0.7 < k < 8 (acceptable retention): run 1 in Fig. 6.16. Two overlapped 
band pairs (2/3, 6/7) are observed with 52% ACN, so a change in selectivity 
is needed for acceptable separation. Use of the solvent nomograph (Fig. 6.4) 
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ACN/H,O ACN/THF/H,O THF/H,O 
FIGURE 6.15 Plan for selectivity optimization in RPC based on mixtures of acetoni- 


trile (ACN), methanol (MeOH), and tetrahydrofuran (THF). All mobile phases are 


of equal strength (see Fig. 6.4). 
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FIGURE 6.16 Seven chromatograms for solvent-selectivity experiments for substi- 
tuted naphthalenes. Column 15 Xx 0.46-cm Zorbax-C8, flow rate 2.0 mL/min; 40°C. 


(Chromatograms from data in Ref. 23.) 
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suggests the use of 63% MeOH for the next experiment (run 2). Peak pairs 


2/3 and 6/7 overlap in this run. Since peak pair 6/7 is unresolved in both runs 
1 and 2, it is unlikely that a mixture of MeOH and ACN will be successful 
in separating all the components in this sample. (This conclusion is confirmed 


in the chromatogram of run 4 of Fig. 6.16, but in practice this experiment 
would not be required.) 

Since mixtures of ACN and MeOH cannot separate the present sample, 
the next experiment is run 3 with a new solvent: THF. Again, the solvent 
nomograph provides an estimate of the required value of % B (39% THF). 
Note that for some samples the approximate nature of the nomograph of Fig. 
6.4 may require one or two additional experiments to obtain values of % 
MeOH or % THF that give a similar run time as for run-1 with ACN, but in 
this case these additional experiments were not needed. In run 3 band pairs 
3/4 and 8/9 overlap, but these are different critical band pairs than were observed 


in run 1 (2/3, 6/7) or run 2 (1/2, 6/7). Therefore, some improvement in separation 
can be expected by blending the mobile phase for run 3 with that for either run 
Lor2. 


If a blend of mobile phases from runs 2 and 3 (run 6: MeOH-THF) is 
tried, band pair 3/4 1 is overlapped and band pair 1/2 is barely resolved. Further 


for runs 6 and 3 will still leave band pair 3/4 
unresolved, while blends between runs 6 and 2 can provide only marginal 
separation of band pair 1/2. For this reason, a mixture of mobile phases from 
runs 1 and 3 should be tried next. This separation (run 5) shows baseline 
separation of all nine bands in the chromatogram. Further minor improve- 
ments in separation might be achieved by blending a little of the mobile phase 
for run 3 with more of the mobile phase for run 2, because the critical band 
pair for run S_(6/7) is better resolved in run 3. For separations suchas this 


that involve more than one critical band pair, the best mobile-phase composi- 
tion will be the one that provides equal resolution for the two most critical 


band pairs in question (6/7 and either 3/4 or 8/9, in this case). 
Several studies have demonstrated that an optimum mixture of these or- 
ganic solvents (ACN, MeOH, THF) rarely requires all three solvents. How- 


ever, for difficult separations, run 7 can provide additional selectivity informa- 
tion regarding the relative movement of the critical band pairs. Therefore, 
RPC method development can be carried out more efficiently by focusing first 


on conditions represented by the edges of the triangle in Fig. 6.15 (runs 1 to 
6 only). The four-solvent run 7 should be run last, and only if needed. 

The method-development approach of Fig. 6.14 can be used as a beginning 
for the procedure of Fig. 6.15. Thus, the experiments of Fig. 6.14 define the 


best values of % B for runs 1, 2, and 3 of Fig. 6.15. For (difficult) samples 
that require a combined approach (varying both solvent strength and type; 
Fig. 6.14 and Fig. 6.15), best values are obtained of % ACN, % MeOH, and 


% THF in the final mobile phase. Thus, the two procedures represented by 
the separations in Figs. 6.14 and 6.15 are highly complementary and extremely 
powerful. More important, samples that do not require this much control over 
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selectivity can be separated with just a few experiments, as in the examples 


of Fig. 6.6 (change in % B) or Fig. 6.14 (use of different solvent types). 


(C or Cis, phenyl, Mie can also be ised to change selectivity, and this can 
be especially useful when combined with changes in % B. For a particular 
type of column, a certain selectivity will be observed and the adjustment of 
% B can be used to further ‘‘fine-tune”’ the selectivity, change retention times, 
and potentially reduce separation time. This is illustrated in the separations 
of Fig. 6.17 for a sample composed of substituted benzoic acids. Although 
this sample does not fit our definition of “neutral,” under the low-pH condi- 
tions used for the separation, all compounds are protonated and uncharged 
(i.e., are effectively neutral). 


Chromatograms are shown_in Fig. 6.17a for the separation of this sample 


by three different columns (Cg, phenyl, and cyano), using % MeOH values 
that give maximum sample retention (k = 20 for the last band). For these 


conditions, we might—conclude thatthe pheny! column gives the best 
separation, since bands 4/6 partially overlap on the Cg column and bands 
1/2 are unresolved on the cyano column. However, the simplicity of this 


sample and its limited retention range allows the use of stronger mobile 
phases, as shown in Fig. 6.175, where % B has been adjusted for each 
solvent to give k = 0.5 for the first band [e.g., 52% MeOH (b) vs. 26% 
MeOH (a) for the Cg column]. 

A comparison of runs on the same column with different % MeOH values 
(Fig. 6.17a vs. b) shows significant changes in band spacing (i.e., solvent- 
strength selectivity). These two runs on each column allow the systematic 


adjustment of % MeOH for maximum resolution, leading to the chromato- 
grams of Fig. 6.17c. The benzoic acid sample is better separated on the cyano 
column when the optimum value of 32% MeOH is selected. That is, resolution 


is acceptable and equal to that for the phenyl column (R, = 2.0), but run time 
is shorter (5 min vs. 13 min). 


6.4.2.5 Combined Use of Different Solvents Plus Column Types. The com- 
bined use of solvent- and column-type selectivity may be useful for the separa- 
tion of extremely difficult samples. This approach is outlined in Fig. 6.18. 


Solvent-type selectivity is first investigated for a Cg or Cig column using the 
approach of Fig. 6.15. If a satisfactory separation is obtained, no further 
improvement in selectivity is attempted. If separation is inadequate, the ap- 
proach of Fig. 6.15 is repeated using a cyano column. (Note: The optimum 


mobile phase for one column will differ from that for another column.) If 
these experiments are unsuccessful, the procedure of Fig. 6.15 is repeated 
with a phenyl column. 


The procedure of Fig. 6.18 has been used to separate a mixture of 20 PTH 
amino acids {29}. Figure 6.19 shows the best separations for each column, and 
the best overall resolution (R, = 1.2) used a benzyl (similar to phenyl) column 


2 26% MeOH 
Cg column 


2 23% MeOH 
phenyl column 


12% MeOH 
cyano column 


Neo 


(a) 


FIGURE 6.17 Separation of a mixture of substituted benzoic acids on three different 
column types. Conditions: 15 x 0.46-cm, 5-~m columns; mobile phase as indicated, 


buffer is 25 mM citrate (pH 2.5); 2.0 mL/min; 35°C. (a) % MeOH adjusted to give 
k = 20 for last band; (b) % MeOH adjusted to give k = 0.5 for first band; (c) % MeOH 
adjusted to give maximum resolution. (Chromatograms are simulations based on data 


of Ref. 11.) 
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FIGURE 6.17 (Continued) 
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FIGURE 6.17 (Continued) 
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FIGURE 6.18 Method development using combined solvent- and column-type selec- 
tivity. Schematic diagram of experimental approach using Cg, cyano, and phenyl (¢) 


columns with mobile phases containing ACN, MeOH, and THF. Solvent strength and 
run time held constant. (Reprinted with permission from Ref. 29.) 


and a mobile phase of 5% ACN, 15% MeOH, and 13% THF. Note that this 
separation is only marginally better than that for the Cg (R, = 0.9) or cyano 
(R, = 1.0) columns. 


6.5 NON-AQUEOUS RE VERSED-PHASE HPLC 


Non-aqueous reversed-phase (NARP) is reserved for very hydrophobic sam- 


ples that are retained strongly or not eluted with 100% acetonitrile as the 
mobile phase (e.g., lipids or synthetic polymers) [37-40]. The mobile phase 
for NARP separations will be a mixture of more polar (A) and less polar (B) 


organic solvents. Often the A-solvent will be ACN or MeOH, while the B- 
solvent can be THF, chloroform, methylene chloride, acetone, methyl-t-butyl 
ether (MTBE) or various mixtures of these solvents. Sample retention again 


is controlled by varying % B and the type of strong solvent B. 


FIGURE 6.19 Application of procedure of Fig. 6.18 to the separation of 20 PTH 
amino acids. Best mobile phase used for each separation on different columns. Condi- 
tions: 25 x 0.46-cm columns, 6-um particle size. Bonded phase: (a) CN; (b) benzyl 


(c) Cg. Mobile-phase flow rate 2.0 mL/min, column temperature 50°C. Mobile 
A/B/C/D: methanol/acetonitrile/tetrahydrofuran/pH 2.1 phosphoric acid. (a) A 
9.2/B = 1.3/C = 21.0/D = 67.6; (b) A = 15.2/B = S.4/C = 13.4/D = 66.0; (c) A 


0.8/B = 26.5/C = 4.5/D = 68.2. (Reprinted_with permission from _Ref.29.) 
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Figure 6.20 shows an- example of NARP for the 
carotenes (a) in a mixture of standards (b) and in an extract from tomato (c). 
oe (peak is pie main carotene o in ane Oe pi Fig. 6. 20c. 


afother reason to use NARP for such samples. A anes illustration of the 
use of NARP for these types is described in Ref. 40, where a change in 
temperature was also used to obtain an optimum separation. 

Method development for NARP is similar to that for RPC with the usual 
water-organic mobile phases. Mixtures of ACN (A) and THF (B) as mobile 
phase are a good starting point. If the sample is retained too strongly with 
100% THF, less polar (stronger) B-solvents such as methylene chloride or 
chloroform can be tried instead. However, the use of methylene chloride 
or chloroform restricts UV detection to wavelengths higher than 236 or 


250-nm, 
NARP is less commonly used today, possibly because favored B-solvents 
such as methylene chloride preclude low-wavelength UV detection. Many 


samples that have been separated by NARP can be handled conveniently by 
means of normal-phase chromatography. 


Part II Normal-Phase Chromatography 


Innormal-phase chromatography (NPC) the stationary phase is more polar than 
the mobile phase, the opposite of RPC. Usually, the mobile phase is a mixture 
of organic solvents without added water (e.g., isopropanol plus hexane) and the 
column packing is either an inorganic adsorbent (silica or occasionally alumina) 
or a polar bonded phase (cyano, diol, or amino) on a silica support. Regardless 
of the mobile or stationary phase used, sample retention in NPC increases as the 
polarity of the mobile phase decreases (the opposite of RPC). 


NPC has been used for separating both neutral and ionic (or ionizable) 
compounds, but neutral samples predominate. NPC for ionic samples can 
involve the use of water in the mobile phase [41-45], and the retention process 


is then somewhat complex [45]. When ionic samples are separated by NPC, 
it is usually advisable to add triethylamine to the mobile phase for basic 
compounds and acetic or formic acid for acidic compounds. Neutral samples 


are often separated equally well by either RPC or NPC, the main difference 
being a reversal of elution order for the two HPLC methods. In NPC, less 
elute first, while more polar 


compounds leave the column last: this behavior can be contrasted with the 
opposite RPC behavior of Fig. 6.1. The reasons for using NPC were noted 
earlier and are summarized in Table 6.4. 

The advantages and disadvantages of NPC are summarized in Table 6.5. 


Usually, RPC separation should be tried first, but an initial NPC separation 
may be preferred for reasons given in Table 6.4. More often, the need for a 
change from RPC to NPC will become apparent after initial RPC experiments 


show either inadequate retention or poor selectivity for different solvents and/ 
or columns. A brief comparison of the selectivity differences of RPC and NPC 
is shown in Table 6.6. 


SZ QWAYYE SD 3 
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Absorbance (470 nm) 


Absorbance (470 nm) 
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Time (min.) (c) 
(6) 
SURE 6.20 _Non-aqueous_reversed-phase (NARP) separations of carotenes.Con- 
ditions: 25 x 0.46-cm Cs column; 8% chloroform-—ACN mobile phase; 2.0 mL/min; 


ambient temperature; UV detection at 470 nm. (Reprinted with permission from 


Ref. 39.) 
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. The sample is unretained by RPC (too hydrophilic). 
. The sample is too strongly retained by RPC (too hydrophobic). 


. The sample contains positional isomers, stereoisomers, or diastereomers. 


1 
2 
3. RPC separation is unable to achieve adequate band spacing (a = 1). 
4 
5 


. Recovery of significant amounts of organic-soluble sample components is desired 


(preparative HPLC, Chapter 13). 


6. The sample is dissolved in a non-polar solvent (causing direct-injection problems 


if using a RPC column). 


6.6 RETENTION IN NORMAL-PHASE CHROMATOGRAPHY 


6.6.1 General Aspects 


While retention in RPC is believed to resemble a partition process (Fig. 6.1), 


retention in NPC, on the other hand, appears to occur by an adsorption 
process. This is illustrated in Fig. 6.21a for the retention of a sample molecule 


S from a mobile phase containing polar solvent molecules E. Prior to retention, 
the surface of the column packing (adsorbent) is covered with a layer of 


TABLE 6.5 Characteristics of Normal-Phase Chromatography 


Advantages 


1. Very large changes in separation 


Disadvantages 


1. 


Ionic samples are more easily 


selectivity are possible by changing 
either the mobile phase or column 
packing (especially for inorganic 


2 


separated by RPC. 
Controlling solvent strength can be 
less predictable and more tedious 


packings such as silica). 
2. Columns are quite stable when using 
non-aqueous mobile phases. 


than in RPC. 


. Column plate numbers in NPC are 


sometimes lower than in RPC. 


3. Many organic compounds are more 
soluble in normal-phase solvents (a 
special advantage in preparative 


. Lower-boiling solvents are more 


prone to evaporation and bubble 
formation, especially at higher room 


HPLC). 

4. Pressure drop is lower due to lower- 
viscosity solvents. 

5. Useful for samples which may 
decompose in aqueous solutions. 


temperatures (less convenient). 


. For unmodified silica: 


a. Retention can be variable because 
of water uptake by the column 
packing. 


b. Gradient elution may not be 
practical because of solvent 
demixing and water uptake by 


silica columns. 


. Higher cost of purchase and disposal 


of organic solvents. 


6.6 RETENTION IN NORMAL-PHASE CHROMATOGRAPHY 269 


TABLE 6.6 Comparison of Selectivity of NPC and RPC 


Compounds having different functional groups 
Larger æ values for silica vs. C,g; more similar a values for polar-bonded-phase 


NPC-columns-vs.E;g in RPG, 


Homologs or compounds differing in carbon number 
Larger æ values for RPC vs. NPC 
Isomers 
Much larger a values for silica vs. Cig; larger a values for polar-bonded-phase 
columns vs. Cg. 


solvent molecules E. The retention of a sample molecule S then requires the 
displacement of molecules E, to provide a space for the adsorption of S. 


6.6.1.1 Sample and Solvent Localization. Polar sample and solvent mole- 
cules (S and E in Fig. 6.21) are strongly attracted to polar groups (adsorption 


sites) on the surface of the column packing. The adsorption sites are silanols 
(— SiOH) in the case of silica. For cyano, amino, or diol columns commonly 
used in NPC, the bonded-phase ligands and/or silanols can be the adsorption 


sites. Polar sample molecules consist of one or more polar functional groups 
attached to a hydrocarbon residue such as hexane or benzene. The non-polar 
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-O -O (a 


a | 
A 
YMVG||@@@=™—™—»w,)};w. 


(b) 


FIGURE 6.21 Hypothetical representation of normal-phase retention. S, sample 
molecule; E, molecule of strong solvent (B); X and Y are polar functional groups. See 
the text for details. 
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hydrocarbon will be attracted to adsorption sites only weakly, in contrast to 
the attached polar groups. This is illustrated in Fig. 6.21b for various benzene 
derivatives substituted by polar groups X and Y. 


In the case of the mono- 
(Fig. 6.215), the polar group X or Y is attracted to an adsorbent site A. When 
group X or Y is very polar, this attraction will be quite strong, and group X 
or Y becomes attached or localized onto an adsorbent site. When two or more 
polar groups are present in the same molecule, it may not be possible for 
each of these groups to localize at the same time, as illustrated in Fig. 6.21b. 
Localization of very polar solvent molecules is also possible, with the important 
practical consequence of enhanced selectivity control. 

Polar sample and solvent molecules interact strongly with the stationary 
phase in NPC. As a result, NPC usually allows more control over selectivity 


than RPC, by changing either the strong solvent (B) or the column. This is 
illustrated in Table 6.7 for the NPC separation of two compounds on alumina 
with two different mobile phases. For 5:10: 85 ACN-benzene—pentane (ABP) 


as mobile phase, the solutes 1,3,5-trinitrobenzene (TNB) and N,N-dimethyl- 
1-naphthylamide (DMN) have similar retention (œ = 1.2). When the mobile 
phase is changed to benzene, there is an extreme change in selectivity (a = 


290!). This change in selectivity arises from the differences in localization of 
the two solutes and the two strong solvents in each case; benzene does not 
localize, whereas ACN localizes strongly. The localization of the solvent aceto- 
nitrile competes with and reduces the strong localization of DMN, so that its 
retention is reduced. Since TNB is not highly localized (no very polar substitu- 
ent group), the localization of ACN has less effect on the retention of TNB. 
These important solvent-selectivity localization effects are discussed further 


in Section 6.6.2. 
For a detailed discussion of the fundamental nature of NPC separations, 
see Refs. 47 to 53. The strong interaction of solvents and solutes with NPC 


Stationary phases requires a somewhat different approach to solvent classifica- 
tion and method development (Section 6.7 and Refs. 47 to 49) than was 
presented for RPC (Fig. 6.15). 


TABLE 6.7 Selectivity in NPC Separation: Effect of a Change in Mobile Phase? 


Value of k for 
mobile phase indicated 


Compound 5/10/85 ABP’ Benzene 
1,3,5-Trinitrobenzene 5.9 0.3 
N,N-dimethyl-1-naphthylamide 7.1 88 

a = 1.2 290 


* Column: 25 X 0.38-cm akad with water-deactivated basic alumina. 
b A, acetonitrile; B, benzene; P, pentane. 
Source: Ref_46. 
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6.6.2 Mobile-Phase Effects 


The mobile phase for NPC is chosen in the same general way as for RPC. A 
weak (non-polar) solvent A and a strong (polar) solvent B are first selected 


and then blended to obtain a mobile phase of intermediate polarity that will 
provide 0.5 < k < 20 for the sample. During the adjustment of % B for 
adequate retention, changes in selectivity with % B should be noted so that 
the resolution of the critical band pair can be optimized (solvent-strength 
selectivity; compare the discussion of Figs. 6.6 and 6.7 for RPC). If separation 
is still inadequate, a different strong solvent can be selected for additional 
changes in selectivity. If further improvement in separation is required, mix- 
tures of the latter strong solvents can be explored as in Fig. 6.16 for RPC. 


6.6.2.1 Solvent Strength. The strength of different solvents or solvent mix- 


tures for NPC can be represented by a parameter e° [47,50] which can be 
measured experimentally. Values of ° for some commonly used HPLC sol- 
vents are listed in Table 6.8 for silica as column packing (additional e° values 


are given in Ref. 47 for both silica and alumina). Relative solvent strength 
for other NPC column packings (alumina, polar bonded phases) follows the 


same trend as in Table 6.8 (larger values of e° for more polar solvents), This 


TABLE 6.8 NPC Solvent Strength (£°) and Selectivity” 


Solvent £° Localization Basic? Uv? 
Hexane, heptane, octane 0.00 No g 201 
1,1,2-Triflurotrichloroethane 0.02 No £ 235 
(Freon FC-113) 
Chloroform 0.26 No j 247 
1- or 2-Chloropropane 0.28 No E 225 
Methylene chtoride 0:30 No £ 234 
2-Propyl ether 0.32 Minor $ 217 
1,2-Dichloroethane 0.34 No j 234 
Ethyl ether 0.38 Yes Yes 219 
MTBE” 0.48 Yes Yes 225 
Ethyl acetate 0.48 Yes No 256 
Dioxane 0-51 Yes Yes 215 
Acetonitrile 0.52 Yes No 192 
THF 0.53 Yes Yes 230 
1- or 2-Propanol 0.60 Yes s 214 
Methanol 0.70 Yes e 210 


* Silica used as absorbent. 
b Minimum UV wavelength; assumes that maximum baseline absorbance (100% B) is 0.5 AU. 
“Solvent basicity is irrelevant for non-localizing solvents. 


4 Methyl t-butyl ether. 
* Different selectivity due to presence of proton donor group. 


Source: Refs. 47 and 48. 
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required for NPC. 
Once the weak and strong solvents have been selected, these can be blended 


to provide appropriate retention. This approach is illustrated in Fig. 6.22 for 
the separation of a two-component sample on a cyano column with mixtures 
of MTBE (polar) and hexane (nonpolar) as mobile phase. As % MTBE is 
increased from 3% to 12%, the run time decreases from 8 min to 4 min. For 
silica as adsorbent, a large number of studies have shown that retention is 
governed by the Soczewinski equation [54]: 


log k = c — n log Xp (6.3) 


Here c and n are constants for a particular solute, B-solvent, and column, and 


X,_is_the-mole—fraction-of-B-solvent-in_the-mobile-phase._Fhe-quantity— 


corresponds approximately to the number of polar, localizing groups in the 
solute molecule. A more convenient form of Eq. 6.3 which is of comparable 


lability is 
log k = c' — n' log(% B) (6.3a) 


where c’ and 7’ are also constant for a particular solute, B-solvent, and column. 

A large number of NPC studies that verify Eq. 6.3 or Eq. 6.3a for silica as 
packing have been summarized [55,56]. Experimental data points for a solute 
fall close to a straight-line plot of log k vs. log % B (Eq. 6.3 or Eq. 6.3a) over 


RETENTION TIME (minutes) 


P 
P 
A 
A 
P 
3% 5% T % 12 % 
MTBE MTBE MTBE MTBE 
ene) opener saa 
lanes Daa te eee 
Q 4 8 0 4 BO 4 8 O 


8 


FIGURE 6.22 Solvent-strength effects in normal-phase chromatography. Separation 
of aniline (A) and phenol (P); 25 x 0.46-cm cyano column, MTBE-hexane mobile 
phases, 1.0 mL/min [51]. 


6.6 RETENTION IN NORMAL-PHASE CHROMATOGRAPHY 273 


a wide range in % B. The slopes of these plots typically vary from about 1 to 


2, which gives rise to a “rule of 3” for the prediction of NPC retention as % B 
is varied: a twofold increase in % B will cause about a threefold decrease in k. 


The applicability of Eq. 6.3 or Eq. 6.3a for NPC with polar-bonded-phase 


columns has not been studied in as much detail, but some workers have 
reported that Eq. 6.1 (for RPC) also applies for NPC with polar bonded 
phases [57]. While Eqs. 6.3 and 6.3a have a sound fundamental basis, the 
important conclusion is that change in retention is a regular function of % B 
In particular, the rule of 3 is widely useful for the practical adjustment of 
NPC retention when changing % B. 

When changing the B-solvent for a change in selectivity, it is convenient 
to be able to adjust % B for similar retention (as in the RPC solvent-strength 
nomograph of Fig. 6.4). Figure 6.23 provides a solvent- -strength nomograph 
for NPC separation with silica, while Fig. 6.24 


for NPC separation with any polar-bonded-phase column. The solvents de- 
scribed in Figs. 6.23 and 6.24 include preferred solvents for NPC, as discussed 


in the following section. The relationships shown in Figs. 6.23 and 6.24 are 


more approximate for NPC than those in Fig. 6.4 are for RPC, due to the 
much larger solvent selectivity effects encountered in NPC (e.g., as in Table 


6.7). Similarly, when NPC mobile phases of the same strength (equal e°) are 
mixed, the strength of the resulting mixture often changes (usually to a higher 
value of e° and therefore a higher strength). As a result, adjusting mobile 
phase strength in NPC usually requires more trial-and-error experiments than 
in RPC. 


6.6.2.2 Mobile-Phase BERERA A in the case o REC eon se cctv 


ity for NPC can bea p ging : 
6.22 shows a reversal of two bands a as % MTBE is varied from 3% to 12%. 
Therefore, when initially adjusting % B for 0.5 < k < 20 in NPC, attention 


should also be paid to selecting % B for maximum resolution of the critical 
band pair. 
Large changes in NPC selectivity can be achieved by an appropriate change 


of B-solvent type. Whereas the basicity, acidity, or dipolarity of the solvent 
govern RPC selectivity, solvent localization is more important in NPC 
[47,48,60]. Therefore, a change from a non-localizing solvent such as methylene 


chloride to a localizing solvent such as ACN (see Table 6.8) can be expected 
to cause large changes in selectivity. For example, 1,5-dinitronaphthalene 
(DNN) and 2-acetonaphthalene (AN) are unresolved on silica (œ = 1.0) with 
3% ACN-hexane as strong solvent (localizing), but these two compounds are 


separated with a = 3.1 with 58% CH2Cl—hexane (non-localizing) [60]; see 
also the example of Table 6.7. 
Basic localizing solvents such as amines and ethers (see Fig. 6.8) differ in 


selectivity from non-basic localizing solvents such as esters, nitriles, and nitro 
compounds. Table 6.8 summarizes some common HPLC solvents in terms 
of these selectivity-related properties: non-localizing, basic-localizing, and 
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binary_mixture solvent strength 
e° (silica) 
CO ee ee 
0 0.1 0.2 0.3 0.4 0.5 0.6 
CHoCly in hexane 
246 10 2 50 2Cla 
{BME In hexane 
S ' 2 4610 2% 50 100 
2 THF in hexane 
1 2 4610 20 50 100 
EtOAc in hexane 
1 2 46 10 20 50 100 
IPA in 
0 051 23510 2 so 100 hexane 


(BME in CHoCly 


w 
C 
£ 
: THF in CHCl 
2 EtOAc in CHoClo 
P IPA in 
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5 
FE 
z mmama PA in 
Se o 10 50 100 tBME 
€ 
9 
Reuse 
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® 
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ethy 
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J 
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FIGURE 6.23 Solvent-strength nomograph for normal-phase HPLC and silica as 


column packing. Solvents are methyl-t-butyt ether (tBME), ethyl acetate (EtOAc), 
and 2-propanol (IPA). (Reprinted with permission from Ref. 58.) 
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MTBE/EtOAc 
0 20 40 60 80 100% 
MC 
0 20 40 60 80 100% 
ProH 
0 20 40 60 80 100% 


FIGURE 6.24 Solvent-strength nomograph for normal-phase HPLC and cyano or 


diol columns._Hexane-(A)} and-B-solvent-indicated-in_figure. MTBE, methyl-t-buty! 
ether; EtOAc, ethyl acetate; MC, methylene chloride; PrOH, propanol. (Compiled 
from data in Ref. 59 and unpublished data.) 


non-basic-localizing. As an example of the importance of basicity in a localizing 


B-solvent, the separation on silica of fhe two compounds DNN and AN gives 
a = 1.0 for 3% ACN as B-solvent (nonbasic localizing), and a = 1.3 for 4% 
MTBE as B-solvent (basic localizing) [60]. Changes in a of this magnitude 
are very useful in HPLC method development. 

The use of solvent-type selectivity in both NPC and RPC can be effected 
in similar fashion. Figure 6.25 for optimizing NPC selectivity resembles the 


non-localizing 
Solvent 


~~ 
wN 
~ 
Q nonpolar 


solvent 


| 
| 
| 
l 


basic nonbasic 


solvent solvent 
FIGURE 6.25 Plan for selectivity optimization in NPC based on mixtures with hexane 


of a non-localizing solvent (CH2CI2), a basic-localizing solvent (MTBE), and a non- 
basic-localizing solvent (ACN or ethyl acetate). All mobile phases are of equal strength 
(Fig. 6.23 or 6.24). (From Ref. 60.) 
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approach of Fig. 6.15 for RPC. Three B-solvents are used: non-localizing, 


basic localizing, and non-basic localizing. Mixtures of these three B-solvents 
allow the controlled variation of selectivity for maximum changes in resolution. 


6.6.3 Column-Type Effects 


Commonly used NPC columns include cyano, silica, diol, and amino (roughly 
in this order of decreasing utility for analytical separation). Column strength 
can be defined as for the case of RPC separation [52]: silica (strong) ~ alumina 
>> amino > diol > cyano. NPC with unmodified silica (compared to polar- 
bonded-phase) columns has advantages and disadvantages, as summarized in 
Table 6.9. Generally speaking, the use of silica columns is less convenient for 
analytical applications. However, isomer and preparative separations favor 
the -use-of unmodified silica. 


Just as a change in strong solvent can have a major effect on NPC selectivity, 
so a change in column type can have similar effects. This has been documented in 


several systematic studies [47, 51—53]. Basic compounds (amines, ethers, esters, 


ketones, etc.; see Fig. 6.8) are preferentially retained on amino and diol columns 
(compared to cyano), while dipolar compounds (chloro, nitro, nitrile substitu- 


ents) are more strongly retained on cyano columns (compared to amino or diol). 
The selectivity of each of these three columns is quite different [53]. 

An example of column-type selectivity in NPC is shown in Fig. 6.26 for 
the separation and analysis of a herbicide in a sample of oats. The oats sample 
was first extracted to recover the analyte, but the complexity of this natural 


TABLE 6.9 Comparison of Silica vs. Polar-Bonded-Phase (PBP) Separations for 
NPC Separation 


Feature Comment 


Convenience and reproducibility PBP (cyano, diol, amino) columns 


preferred; silica columns require 


control of mobile-phase_water 
content. 
Column equilibration after change of Silica columns may require longer 
mobile phase equilibration. 


Column stability 


Isomer selectivity 


Both silica and PBP columns are stabie, 
but silica columns are more long 
lived. 

Silica columns preferred 


Preparative separation 


Not recommended with silica columns. 
Silica is usually favored because of 
lower cost, greater stability, higher 


loadabilityand_less-danger-of 


contaminating collected sample 
fractions. 
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FIGURE 6.26 Separation of a herbicide contained in a green oats extract by sequen- 


tial separation on a cyano, diol, and silica column. (a) Chromatogram from the cyano 
column; (b) chromatogram from the diol column; (c) chromatogram from the silica 
column. See the text for details. (Adapted from Ref. 61.) 


product combined with the low concentration of the herbicide (100 ppb) 


makes this an impossible one-step HPLC i 
of the sample was performed on a cyano column (Fig. 6.26a), but the herbicide 
was overlapped by a number of endogenous interferences. A fraction that 


ing), as indicated by the arrow in Fig. 6.26a. This fraction was diverted to a 
diol column for further separation with the same mobile phase (Fig. 6.26d). 
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The latter chromatogram shows the separation of the herbicide peak from 


several of the interferences from the cyano column. However, there is still a 
substantial coelution of herbicide and interference peaks. The herbicide frac- 
tion indicated in Fig. 6.26b was collected and reseparated on a silica column 


(Fig. 6.26c). At this stage the herbicide peak is substantially resolved from a 
number of additional interferences. This example shows the considerable 
difference in selectivity of these three NPC columns, since compounds that 
coelute on one column are separated on another. 


6.6.4 Temperature Effects 


A change in temperature usually will have only a minor effect on band spacing 
in NPC [62]. Therefore, temperature changes are rarely used for changing 


NPC selectivity. Temperature-related changes in œ may occur for mobile 
phases that contain localizing solvents such as acetonitrile. These changes 


in @ are Provably due to the a of the Socalizing solvent at higher 

3 ae “reas i of 
localizing sample S However, it is likely that sick Py 
changes as a function of temperature can be duplicated more effectively by 


changes in the mobile phase (i.e., changing from a localizing to a non-localizing 
B-solvent). It should be noted that although temperature does not often 
change selectivity in NPC, temperature changes can markedly change the 
overall retention of all compounds. Therefore, it is important to contro} the 
temperature of the separation. 


6.6.5 Use of Ac 


Very hydrophilic samples may be unretained in RPC, but these samples should 
i r NP nditions ili 


ples may not dissolve well in the non- aqueous mobile phases typically used 
in NPC. One solution to this proolem is me use of T NES columns 
that-can_be_used_with aque 


separated on an amino column with mobile phases that consist t of 60 to 80% 
ACN-water. Because carbohydrates are quite hydrophilic, and amino columns 


are relatively polar and therefore weak for RPC separation, the RPC retention 


FIGURE 6.27 Normal-phase separations with water—organic mobile phases. 


(a) 25 X 0.46-cm amino column, 75% ACN-water mobile phase, 1.0 mL/min, 40°C; 
compounds: 1, fructose; 2, glucose; 3, sucrose; 4, maltose; (b) same conditions as in (a), 
except 65% ACN-water; compounds are oligosaccharides of indicated polymerization 


number; glucose (G) and maltose (M) indicated in each chromatogram [63]; (c) log k 
vs. % MeOH for crown ether sample DB18C6 and different RPC columns [64]. See 
the text for details. (Reprinted with permission from Refs. 63 and 64.) 
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of these compounds under the latter conditions is unlikely. Furthermore, 


carbohydrate retention increases for an increase in % ACN, which is again 
unexpected for RPC separation. 
Figure 6.27a and b show the separation of several sugars on an amino 


column for 65% and 75% ACN as mobile phase. The compounds glucose (G) 
and mannose (M) have shorter retention times (4 and 5 min, respectively) 
for 65% ACN than for 75% ACN (6 and 10 min). This decrease in retention 
for a more polar mobile phase (65% ACN) confirms NPC behavior in this 
system. NPC behavior has also been noted for Cg- and Cjg-silica RPC columns, 
as seen in Fig. 6.27c for the retention data of the neutral crown ether DB18C6. 
The retention of DB18C6 (log k) is plotted in Fig. 6.27¢ vs. % MeOQH-water 
(see scale at top of figure) for two C,g-silica (ODS) columns and two polymeric 
columns A and AMBER) Retention on ay Gs columns pase 


colons ieiention ee: Saa as % MeOH i increases. 


The behavior in Fig. 6.27c has been interpreted as follows. On the 


for higher % MeOH) is 
observed for all values of % MeOH, as expected. On the silica-based Cj 
columns, similar RPC behavior is noted at low % MeOH values, whereas 


NPC behavior is seen at high % MeOH (retention increasing for higher 
% MeOH). The latter NPC behavior is believed due to interaction of this 
sample with residual polar silanols on the column packing. Similar behavior 
(retention minimum at intermediate percent organic) has been observed 
for the separation of peptides under RPC conditions and also attributed 
to silanol interactions [65]. 

NPC separation with aqueous mobile phases has been defined as hydro- 


philic interaction chromatography (HILIC) and special HILIC columns 
have been designed for such separations [66] (e.g., poly-2-hydroxyethylaspar- 


tamide). Such columns are usually used with a decreasing organic gradient 


or increasing salt gradient. Volatile mobile phases can also be used. The 
order of elution is from least polar to most polar. Figure 6.28 shows the 
separation of a derivatized oligosaccharide mixture as a function of 


% ACN-water, using a HILIC column. NPC retention behavior is observed; 
retention decreases for lower % ACN. The excellent separation of this 
sample in this manner also should be noted, although gradient elution is 


required for the separation of all sample compounds. HILIC separations 
have been described for the separation of a broad range of samples of 
biological origin (e.g., peptides, amino acids, carbohydrates [66-68]; see 
also Chapter 11). 


Amino or special HILIC columns with water—organic mobile phases offer 
a convenient approach to the separation of neutral, hydrophilic samples. If 
an initial gradient run is used to start method development, the gradient 


should be carried out from organic (weak) to water (strong). If an initial 
isocratic run is used, water can be used at first, with subsequent increase in 
percent organic, to achieve progressive separations resembling those of Fig. 
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FIGURE 6.28 Normal-phase separations of derivatized oligosaccharide mixture on 
a HILIC column. Numbers in chromatograms refer to polymerization number for each 


compound. Conditions: 20 X 0.46-cm PolyHydroxyethyl A column (PolyLC Inc.), 
acetonitrile-water mobile phases (% ACN shown for each separation), 2 mL/min, 
ambient. (Reprinted with permission from Ref. 66.) 
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6.2 for RPC. However, the bimodal (RPC/NPC) retention behavior illustrated 


in Fig. 6.27c is a potential complication for certain columns in such experi- 
ments. 


6.7 OPTIMIZING THE SEPARATION OF NON-IONIC SAMPLES IN 
NORMAL-PHASE CHROMATOGRAPHY 


6.7.1 Initial Conditions 


The general approach to NPC method development is similar to that for RPC 
(Table 6.2) and is summarized in Table 6.10. Whereas the selection of the 
best column and initial mobile-phase solvents for RPC is somewhat restricted 
(typically, Cg or Cig column, ACN-water), there is a wider choice for NPC. 


Table 6.11 summarizes some considerations that are important for the choice 
of initial NPC separation conditions. 


6.7.1.1 Choice of Column. For an analytical procedure based on NPC, a 


cyano column will usually be the pel initial hoige, silica may be preferred 


compounds. Silica also offers potentially latier valiies of a opare to a 
cyano column. Diol and especially amino columns are somewhat less stable 
and are used primarily when separation on a cyano column is unsuccessful as 
a result of band overlap (Section 6.7.3). A 25 Xx 0.46-cm column initially 
is preferred. 

If silica (or alumina) is used for analytical separations, run-to-run changes 


in-retention_can_be_anticipated_unless special precautions are taken (Section 
6.7.4.2). Separation with one of the newer, less-acidic type B silicas (Section 
5.2.1.1) can be advantageous for some samples. The potential difference in 


a -more-acidic type A silica and-a_tess-acidic type B 
silica is illustrated in Fig. 6.29. With the type A silica column, benzanilide 
(peak 2) elutes after phenol (peak 3) as a strongly tailing band. Conversely, 


the column of highly purified type B silica exhibits elution of benzanihde prior 
to phenol with a symmetrical band. 


TABLE 6.10 Recommended Approach for Normal-Phase Method Development 


1. Adjust % B for 0.5 < k < 20 (cyano column, hexane—propanol as mobile phase). 
2. Check for band tailing. 


3. Adjust selectivity if necessary: 
a. Fine-tune % B. 
b. Change organic solvent (MC, MTBE, ACN); fine-tune % B. 


c. Mix organic solvents. 
d. Change column type (diol, amino, silica); fine-tune % B. 
4. Optimize column conditions (column length, particle size, flow rate). 
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TABLE 6.11 Normal-Phase HPLC Method Development: Conditions for the 


Initial ti 
Parameter 


Column-size-and 


Comment 


25 X 0.46-cm, 5-4m column preferred, 2 to 4 mL/min. 


flow rate 
Column type 
Cyano 


Silica 


Diol 


Best choice for analytical method. Stable column, 
convenient operation. 

Best choice for preparative separation, especially for 
organic-soluble sample. Can provide maximum a, but 
analytical application requires control of mobile-phase 
water content (inconvenient). 

Alternative to cyano column for a change in a, but less 
stable. 


Amino 


Alumina 


Alternative to cyano column for a change in œ, but much 
less stable. 
Very little used in HPLC at present; unique selectivity but 


A-solvent 
Hexane 


retention, low recovery of sample). 


FC113 


Methylene 


Preferred for low-UV detection (> 200-nm) and_less-polar 
samples; for ACN or MeOH as B-solvent requires 
addition of a co-solvent (e.g., methylene chloride). 

Can be used with UV detection above 235 nm; excellent 
solubility characteristics (preparative separation); miscible 
with all B-solvents (convenient); nonflammable; use may 
be restricted because of its ozone-depletion properties. 

Can be used for more polar samples with detection above 


chioride 
B-solvent 
1- or 2-Propanol 


235 Tim. 


Preferred for low-UV eetecHon > 215 nm) and separation 


of more-polar 


run with polar- -ponded- -phase column to characterize 
sample retention. 


Methylene Good first choice for detection above 235 nm; may not be 
chloride strong enough to elute very polar samples from a silica 
column. 
MTBE Good alternative for change in a; detection above 225 nm. 


Ethyl acetate 
ACN 


Good alternative for change in a; detection above 255 nm. 

Equivalent to ethyl acetate for change in a, but requires 
co-solvent for mixtures with hexane; detection above 
195 nm. 


Mobile-phase Triethytamine for basic samples, acetic acid for acidic 


additives samples (if peak tailing is observed). 
Temperature Ambient, 35 or 40°C. 
Sample-size <50 pk, < 50 pg. 


(for 0.46-cm-ID 


column) 
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FIGURE 6.29 Difference in silica columns for NPC separation. (a) Acidic type A 


silica; (b) less acidic type B silica. Conditions: 15 X 0.46-cm silica columns, 0.05% 
methanol-methylene chloride, 1.0 mL/min. Sample: 1, toluene; 2, benzanilide; 3, phe- 
nol; 4, benzyl alcohol; I, impurity. (Reprinted with permission from Ref. 69.) 


6.7.1.2 Mobile-Phase Solvents. Table 6.11 summarizes possible choices of 
the A- or B-solvent. If detection at wavelengths < 225 nm is required, 


the best choice is ; = 
phases also provide a wide range of solvent strength, especially for use 
with a cyano or other polar-bonded-phase column; this system should 


therefore provide effective separation of samples of quite different 
polarity. 
1,1,2-Trifluorotrichloroethane (FC113) also has been used as the A-solvent 


in NPC [70]. It absorbs more strongly than hexane at low wavelengths, so UV 
detection is restricted to values above 235 nm. FC113 has better sample 
solubility than hexane and is miscible with all the B-solvents of Table 6.11; 


this represents a considerable experimental convenience. However, FC113 is 
on the list of ozone-depleting compounds whose use will be increasingly 
limited. Therefore, FC113 should be considered only when its properties 
are highly advantageous for a particular separation problem, especially for 


6.1.2 Adiustine Retenti 


For isocratic separations, the next step is to adjust percent propanol to give 
0.5 < k < 20 for the cyano column. This can be done by beginning with 100% 
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propanol, then decreasing percent propanol (% B) by successive factors of 2: 


50%, 25%, 12%, 6%, 3%, and so on. If a changes with % B, as in the example 
of Fig. 6.22, the value of % B can be further adjusted for both the desired 
range in k and for maximum a and resolution. For silica columns, propanol 


as B-solvent may be too strong, in which case a less polar solvent such as 
methylene chloride (MC) can be used instead (see Table 6.8). An initial 
gradient from 0 to 100% propanol—hexane can be used instead of the decreas- 
ing % B isocratic procedure, similar to the case for RPC separation (Section 
8.2.2). An initial gradient run allows a decision as to whether isocratic or 
gradient elution is best and can provide an estimate of the best % B for 
isocratic separation. 


6.7.3 Optimizing Selectivity 


A change in @ for NPC is best effected by a change in solvent type. After a 
value of percent propanol has been selected for 0.5 < k < 20, the B-solvent 
can be changed [see Fig. 6.23 (silica) or Fig. 6.24 (polar bonded phases)]. For 


a cyano column, the approach of Fig. 6.25 is recommended, using MC as the 
non-localizing solvent (run 1), MTBE as the basic localizing solvent (run 2), 


and ACN or ethyl acetate as the non-basic localizing solvent (run 3). The use 


of ethyl acetate instead of ACN is more convenient, since ACN—hexane 
mixtures require MC as co-solvent. However, ethyl acetate restricts detection 
to > 256 nm. For ACN as B-solvent (with MC added to run 3 as co-solvent), 
detection can be carried out above 234 nm. 

The procedure of Fig. 6.25 is illustrated for the separation of 11 substituted 
naphthalenes using silica as adsorbent in Fig. 6.30. The mobile-phase composi- 
tions for these separations are summarized in Table 6.12. Run 1 in Fig. 6.30 uses 


58% MC-hexane as the mobile phase, but bands 8 and 9 overlap. Therefore, a 
change in the B-solvent type is suggested. Run 2 was carried out with 4% 
MTBE, the % B value being selected from Fig. 6.23. Now the critical band 


pair is 4/12. A blend of these two mobile phases is suggested, but the resulting 
mobile phase (for run 4) was found to be too strong. This often occurs for 
silica as column packing, when localizing and non-localizing solvents are mixed 


(as in this case; MC, non-localizing; MTBE, localizing). Therefore, the percent 
hexane was increased for the actual run 4 shown in Fig. 6.30 to give a run 


time similar to those for runs t and 2. The critical band pair for run 4 is 3/2; 


band pairs 4/8 and 9/12 also exhibit marginal resolution. 
Runs 1, 4, and 2 of Fig. 6.30 show very large changes in œ for several 
band T but mee runs do not eee an To menue phate for 


and many large nes in felative band on A further pany in the 
B-solvent is suggested, namely run 3 with ACN. This run provides the 


best-resolution-seen-so- far; R ~ 0-7for the resolution-limiting band-paif 


11/4. Therefore, mixtures of the mobile phases for run 3 with either run 
1 or 2 are considered next. 


286 NON-IONIC SAMPLES: REVERSED- AND NORMAL-PHASE HPLC 


FIGURE 6.30 Seven chromatograms for solvent-selectivity experiments of Fig. 6.25 
and Table 6.12. 15 x 0.46-cm silica column, mobile phases as in Table 6.12, 2.0 mL/ 
min, 35°C. Compounds are substituted naphthalenes: 1, 2-OCH3; 2, 1-NO 2; 3, 1,2- 


(OCHS3)2; 4, 1,5-(NO2)2; 5, 1-CHO; 8, 2-CHO; 9, 1-CH2CN; 10, 1-OH; 11, 1-COCH;; 
12, 2-COCHs; 13, 2-OH. (Chromatograms reconstructed from data in Ref. 60, omitting 
compounds 6 and 7.) 


Mixing the mobile phases for runs 1 and 3 (run 6) produces complete 


overlap of bands 2 and 3 and marginal separation of bands 9 and 12. So 


the mixture of mobile phases for runs 2 and 3 is tried next. This separation 
(run 5) shows the best resolution so far; baseline resolution is achieved 


(R; +16). -Had-this-not-been_the-case,_the-mobile—phases_for—runs—t,2, 
and 3 could have been combined for run 7 (band-pair 4/11 overlapped). 
As in the case of RPC, mixing all three B-solvents (MC, MTBE, ACN) 


will seldom provide the best mobile phase. Therefore, changes in the mobile 
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TABLE 6.12 Summary of Separations of Fig. 6.25 


Mobile Phase (Vol %)* Critical Bands” 

Run Hexane MC MTBE ACN No. R, 
1 42 58 0 0 8/9 0.3 
2 96 0 4 0 4/12 0.3 
3 87 10° 0 3 11/4 0.7 
4 77 22 1 0 3/2 0.8 
5 92 5 2 2 11/4 1.6 
6 69 30 0 1 2/3 0.1 
7 89 9 1 1 4/11 0.4 


* Mobile-phase composition; MC, methylene chloride; MTBE, methyl-t-butyl ether; ACN, acetoni- 
trile. 
b Critical band pair and its resolution R, are indicated. 


“Methylene chloride was added as co-solvent to allow miscibility of hexane and ACN: 


phase usually should be restricted to three-solvent (ternary) mixtures: two 
of these B-solvents plus hexane. 
A similar procedure as in Fig. 6.30 for a cyano column has been reported 


[49], although changes in selectivity with change in the B-solvent were less 
pronounced than those observed in Fig. 6.30 with a silica column. 


6.7.4 Other Considerations 


6.7.4.1 Slow Column Equilibration and Solvent Demixing. Polar solvents 


can interact strongly with the surface of a NPC column, especially in the case 


of unmodified silica (or alumina). When a mobile phase containing a very 
polar, localizing B-solvent is replaced by a weaker mobile phase, the equilibra- 


tion of the column with the new 


may take much longer than in RPC (>> 20 column volumes). Therefore, 
equilibration of the column by a new mobile phase should be checked by 


replicate-injections-of the -sample..No-data should be-used-until retention 


times are constant (i.e., the column is equilibrated for use). 
Gradient elution with unmodified silica or alumina columns is to be avoided 


if possible, especially if A- and B-solvents are of very different strength. The 
reason for this is the phenomenon of solvent demixing. When NPC gradient 
elution is carried out with a weak A-solvent and a strong (localizing) B- 
solvent, the B-solvent may be taken up by the column until the surface of the 


stationary phase is saturated, This would be the case, for example, if a-0 to 


100% propanol—-hexane gradient were carried out with a silica column. The 
mobile phase initially leaving the column would be pure hexane, as propanol 


isadsorbed-bythe-silica packing- -When column saturation occurs, there- wih 
be a sudden increase in % B (propanol) in the exiting mobile phase, and this 
sudden change in solvent strength can elute some sample components with 


low k values and poor separation [7t]. 
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6.7.4.2 Changes in Stationary-Phase Water Content. Water is the most 


polar common solvent, and it binds to unmodified silica (or alumina) 
columns quite strongly. Due to ambient humidity, non-aqueous NPC mobile 


phases will take up a certain quantity of water from the surrounding 


atmosphere. This dissolved water will then be extracted from the mobile 
phase by the column. As the water content of the column increases, sample 
retention times can be greatly reduced compared to a dry column. This 
is illustrated in Fig. 6.31 for the retention k of phenyl propanol as a 
function of the percent water added to the methylene chloride mobile 
phase (0.15% water saturates methylene chloride). As the water varies from 
0 to 0.15% (0 to 100% saturation), k decreases from 18 to 4 for water- 
equilibrated columns. 

Ambient humidity seldom remains constant, and because the equilibration 


of the column with water in the mobile phase-can_be—a_very_slow process, 
column water content can vary from run to run. This effect will cause sample 
retention to vary, which is commonly seen with unmodified silica columns. 


One answer to this problem is to equilibrate the mobile phase with a certain 


(intermediate) quantity of water [e.g., 50% water saturation (or 0.075% water 
in Fig. 6.31)]. This procedure is somewhat tedious; for further details, see 


Appendix VI. Alternatively, the addition of 0.1 to 0.5% propanol or methanol 
to the mobile phase can sometimes be used to mimic the effects of added 
water and is much simpler to carry out [69}. 


% water 
0 0.075 0.15 


H (em) 


0 10 20 30 40 50 60 70 80 90 100 
% water saturation 


FIGURE 6.31 Retention of phenyl propanol on silica as a function of the water 
content of the mobile phase (methylene chloride). (Reprinted with permission from 
Ref. 62.) 
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7.1 INTRODUCTION 


The discussion of Fig. 1.3 divides regular samples into two groups, depending 
on whether the sample is neutral or ionic. An ionic sample is any mixture 
containing one or more ionized or ionizable organic compounds. The separa- 


tion of neutral samples is treated in Chapter 6; this chapter covers the separa- 
tion of ionic samples by reversed-phase, ion-pair, or ion-exchange HPLC. 
Some ionic samples are also included in the special sample categories of Fig. 


1.3: biological samples (Chapter 11), chiral samples (Chapter 12), and inorganic 
ions. The iad dated of i merece ions is not discussed i in this book. 


cult to understand Also, these separations are e often associated with th pobles 
not encountered with neutral compounds. On the other hand, band spacing 


is-much-more-easily-manipulated-_for-ionic-than for-neutral samples, which 
improves the likelihood of a successful final separation. 
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molecule that contains one or more functional stoip: capable of acidic or 
basic behavior in the usual pH range: 2 < pH < 8 for most silica-based 


columns an or pH-s T s. Strong acids or bases are 
compounds that are completely ionized in the pH range under investigation 
[e.g., alkane sulfonic acids (pH > 2), or tetraalkylammonium salts (pH < 13), 


or most alkyl amines for pH < 8]. Compounds whose ionic charge changes 
as a function of pH under the conditions of HPLC separation will be referred 
to simply as acids or bases. If the mobile-phase pH is restricted within narrow 


limits, the retention behavior of a particular acid (e.g., acetic acid) may resem- 
ble that of a strong acid (pH > 7, complete ionization), an acid (3 < pH < 7, 


ionization varying with pH), or a neutral compound (pH < 3, no ionization). 
Bases can be classified in similar fashion. 


7.2.1 Acid-Base Equilibria and Reversed-Phase Retention 


In reversed-phase chromatography (RPC), sample retention increases for 


more hydrophobic compounds {Section 6.2-1). When an-acid (HA) or-base 
(B) undergoes ionization (i.e., is converted from an uncharged species) it 
becomes much less hydrophobic (more hydrophilic). As a result, its retention 


k in RPC will be reduced 10- to 20-fold 


HA => +A +H (7.1) 
B + H* —> BH* (7.2) 
hydrophobic hydrophilic 
(more retained in RPC) (less retained in RPC) 


Acids lose a proton (and become ionized) as pH increases; bases gain a 


proton (and become ionized) as pH decreases. As pH increases, RPC retention 
for an acid decreases and retention for a base increases. This retention behavior 


is illustrated in Fig. 7.1, which plots the RPC retention of five different com- 


pounds as a function of mobile-phase pH. For 3 < pH < 9, compounds 1 and 
2 are acidic, compounds 4 and 5 are basic, ane compound 3 is pene 


retention n of a basic spound. asa i function of pH. When pH is varied 0 over 
a sulnciealy wide dha sample ionization nang retention exhibit a characters 


of this retention pH curve (dashed li line i in Fig 7. 2a), "the pH i is equal to the 


pKa value of the compound (i.e., BH* in the case of a base). Values of pK, 


for different acids or bases in the literature us efer to € measur 
in an aqueous buffer. If the HPLC mobile phase contains an organic solvent, 
the pK, value can vary somewhat with % B (Section 7.2.3). 
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FIGURE 7.1 Effect of mobile-phase pH on reversed-phase retention as a function 
of sample type (acid, base, neutral). Column, 30 x 0.4-cm «Bondapak Cis; mobile 


phase, 0.025 M phosphate, 40% methanol; compounds: 1, salicylic acid; 2, phenobarbi- 
tone; 3, phenacetin; 4, nicotine; 5, methylamphetamine. (Reprinted with permission 
from Ref. 1.) 


When pH = pK, for a compound, it is half ionized (i.e., the concentrations 


of B and BH* in the mobile phase are equal). Almost all of the pH- 
related change in retention occurs for pH values within +1.5 units of the 
pK, value (region B of Fig. 7.2a). Outside this range (pH < 2.5 or pH 


> 5.5 in Fig. 7.2a), the compound is either ionized or non-ionized, and 
its retention does not change much with pH (ie., its retention behavior 
resembles that of a neutral compound). This situation is seen in Fig. 7.1 


for compound 1 when pH > 6 and for compound 2 when pH < 7. For 
a detailed theoretical treatment of RPC retention of acids and bases as a 


function_of pH, see_Refs.2-to 4. 
The relationship between RPC retention and mobile-phase pH is more 
complicated for compounds that contain multiple acidic and/or basic groups 


{5}--When-these-groups—are—all the -same_{acidic—or-basic), retention-as—a 
function of pH is generally similar, as seen in Fig. 7.3a for a series of 
compounds [(pteroyloligo)glutamates] that contain one, three, five, or seven 


ionizable acid (—COOH) groups. When one acidic and one basic group 
are present in the same molecule, a more complex (amphoteric) retention 


behavior is observed. This is illustrated in Fig. 7.3b for the RPC separation 
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retention time 


FIGURE 7.2 Retention and buffer capacity as a function of pK, and pH. (a) Idealized 
dependence of retention on pH for a basic compound with pK, = 4.0; (b) deterioration 


of peak shape as mobile-phase buffer capacity decreases; 3,5-Dimethylaniline solute 
(pK, = 3.8); 25 x 0.46-cm cyano column, 25% MeOH-buffer (25 mM potassium 
phosphate), 1 mL/min, 35°C. (Reprinted with permission from Ref. 3.) 


of several amino acids. Here minimum retention is observed at intermediate 


pH values, because for 4 < pH < 8, both the carboxyl and 
are ionized; thus the molecule is maximally ionized and hydrophilic (even 
though the net charge is zero). 


7.2.2 Choice of Buffers 


Whenever acidic or basic samples are separated, it is strongly advisable to 
control mobile-phase pH by adding a buffer. The measurement of pH (by 
a pH meter) for a mobile phase that contains organic solvent is imprecise, 


because electrode response tends to drift. Consequently, if a pH meter is 
to be used, it is strongly recommended that the pH of the buffer be adjusted 
before adding organic. This approach leads to some uncertainty in the 


actual pH aeie of the final mobile phase (because the addition of organic 
solvent can change the pH), but this problem is much less important than 


pHwhen-pH-is-measured-after 
addition of the organic solvent). 


In selecting a particular buffer, several considerations should be kept in 


mind: 


- Buffer capacity 


* UV absorbance 
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FIGURE 7.2 (Continued) 


- Other properties: solubility, stability, interaction with the sample and/or 
column, volatility, corrosion of HPLC system, and so on. 


7.2.2.1 Buffer Capacity. Buffer capacity is determined by pH, buffer ee 


stra a ehh at eae a cs fa sa. PA 


ionization occurs over a range in pH given by pK, + 1.5. Only in this pH 
range can the buffer be effective in controlling pH. Therefore, to be on the 


safe side, RU a cea Sle aac ai a 


control pH over a range ~ pK, + 1.0 (see the discussion below of Fig. 
7.2b). For RPC separations, a buffer concentration of 10 to 50 mM is usually 


adequate. This assumes that the volume of injected sample is small and/or 
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TABLE 7.1 Buffers for Use in HPLC Separation 
Buffer pK, Buffer Range“ UV Cutoff? 


Trifluoracetic acid >>2 1.5-2.5 210 nm (0.1%) 
Phosphoric acid/mono- or di-K 2.1 <31 < 200 nm (0.1%) 
phosphate 7.2 6.2-8.2 
12.3 11.3-13.3 < 200 nm (10 mM) 
Citric acid/tri-K citrate 3.1 
47 2.1-6.4 230 nm (10 mM) 
5.4 
Formic acid/K-formate 3.8 2.8-4.8 210 (10 mM) 
Acetic acid/K-acetate 4.8 3.8-5.8 210 nm (10 mM) 
Mono-/di-K carbonate 6.4 5.4-7.4: < 200 nm (10 mM) 
10.3 9.3-11.3 < 200 nm (10 mM) 
Bis-tris propane” - HCVBis-tris 6.8 5.8-7.8 215 nm (10 mM) 
propane 9.0 8.0-10.0 225 nm (10 mM) 
Tris? - HCl/tris 8.3 7.3-9.3 205 nm (10 mM) 
Ammonium chloride/ammonia 9.2 8.2-10.2 200 nm (10 mM) 
1-Methylpiperidine - HCI/1- 
Methy!piperidine 10.1 9.1-11.1 215 nm (10 mM) 


Triethylamine - HCi/triethylamine 11.0 10.0-12.0 < 200 nm (10 mM) 


“ pH range allowed with this buffer (conservative estimate). 
» Absorbance <0.5 A; from Ref. 7. 
€ Requires addition of an acid (e.g., acetic or phosphoric). 


¢ Tris(hydroxymethyl)aminomethane. 
€ 1,3-bis [Tris(hydroxymethy!)methylamino) propane. 


the sample is not heavily buffered at a pH quite different from that of the 
mobile phase. Higher buffer concentrations (> 50 mM) provide increased 


buffer capacity but may not be soluble in the mobile phase for high % B. 
Higher buffer concentrations also may adversely affect the operation of HPLC 
systems constructed of stainless steel. A buffer concentration of 25 mM is 


usually a good compromise. Table 7.1 summarizes data on the usable pH 
range for several buffers that are popular for use with HPLC. 
A mobile wi rgi i ill gi 


separations for compounds that are partially ionized at the pH of the mobile 
phase. In this case, retention may change from run to run, and distorted peaks 


FIGURE 7.3 Dependence of retention on pH for the case of sample molecules 
substituted by more than one acidic or basic group. (a) Sample: pteroyl-oligo-y-L- 
glutamates [one (= FA, folic acid), three, five, or seven carboxyl groups] vs. pH; 
Partisil ODS-2 column; mobile phase: 6% acetonitrile—buffer (0.1 M phosphate); 45°C. 


(Reprinted with permission from Ref. 5.) (b) Samples: amino acids (phenylalanine, 
leucine, valine, alanine); XAD-4 column packing; 40 mM phosphate buffer. (Reprinted 
with permission from Ref. 6.) 
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may result. This is illustrated in Fig. 7.25 for the RPC separation of 3,5- 
dimethylaniline (DMA) for pH values between 3 and 4 using a 25 mM phos- 


phate buffer. The pK, of the buffer is 2.1, so buffer capacity will be reduced 
significantly when the mobile phase pH is > 3.1. For these experimental 
conditions (25% MeOH -buffer), the pK, of the solute (DMA) is 3.8 (i.e., it 


will be partially ionized for 2.8 < pH < 4.8). In Fig. 7.26 the peak shape of 
the solute deteriorates progressively as the pH is increased above 3 (reduced 
buffer capacity), and the peak becomes quite distorted for pH > 3.5 (very 


little buffer capacity; see the further discussion of Section 7.2.2.4). 


7.2.2.2 Buffer UV Absorbance. Ideally, the buffer should transmit light at 
or below 220 nm so as to allow low-UV detection. All of the buffers of Table 
7.1 except citrate meet this criterion. Sometimes it is necessary to carry out 


UV_detection-at 200 _nm_or lower. Several buffers from -Table7.1 qualify for 
very low UV detection (phosphate, carbonate, ammonia). However, buffer 
absorbance at low UV wavelengths can be strongly increased by the presence 


of impurities. The UV-cutoff values of Table 7.1 are for purified reagents. 
7.2.2.3 Other Buffer Properties. Buffer solubility and stability, possible in- 


teraction with the equipment, sample, and/or column, and volatility are also 
of interest for some applications. Inorganic buffers such as phosphate are 
marginally soluble in solutions that contain high concentrations of organic. 


Methanol—water mobile phases provide higher solubility than acetonitrile- 
water or THF-water solutions, and for this reason methanol may be the 
first choice of organic solvent. Inorganic buffers are usually relatively stable, 


although with volatile buffers it may be difficult to maintain a constant pH 
(especially with helium sparging). For example, mobile-phase pH tends to 


— increase on standing for carbonate buffers, due to loss of CO, over time. 


Trifluoroacetic acid (TFA) is largely ionized and relatively non-volatile when 
pH = 2.5 (as is eee for Po and pora separations man this putter, 


absorbance during Gece or AA use (e. 2.5 TFA, se ihyismine). 
Citrate buffers have been claimed to attack stainless steel, but other reports 


[8] suggest_that-citrate-can_be-used-with HPLC equipment if the-system_is 
flushed to remove citrate at the end of each day. The main disadvantage of 
a citrate buffer is its higher UV absorbance, which limits UV detection to 


by means of ion pairing (e.g., trifluoracetate buffers with cationic samples [9], 
triethylamine with anionic samples, etc.). Although such ion-pair interactions 


are not undesirable per se, occasionally they may complicate the interpretation 
of the chromatogram as separation conditions are changed (see Section 7.3). 
Volatile buffers are useful for two kinds of applications. If purified sample 


components are to be recovered (preparative HPLC, Chapter 13), it is conve- 
nient to be able to remove the buffer by evaporation or lyophilization. Buffers 
such as ammonium carbonate, ammonium formate, ammonium acetate, and 
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trifluoroacetic acid are useful in this regard. Volatile buffers may also be 
required for use with some detectors [e.g., light scattering (Section 3.3.1) or 


mass spectrometer (Section 3.3.4)]. 


7.2.2.4 Preferred Buffers. Reversed-phase HPLC separations generally are 


carried out with Cg or Cis bonded-phase silica-based columns that are less 
stable outside the pH range 2 to 8. Therefore, the buffer (or buffers) should 
be able to control pH between 2 and 8. It is also desirable if the buffer allows 


detection at 210 nm or lower. Table 7.1 suggests the use of a phosphate buffer 
for controlling pH in the range 2.1 to 3.1 or 6.2 to 8.2. Acetate is an acceptable 
choice for 3.8 < pH < 5.8, and phosphate plus acetate in combination can 


control pH reasonably well over the range 2 < pH < 8. (Note that silica- 
based columns are less stable with phosphate buffers in the pH 6.2-8.2 and 
11.3-13.3-ranges; see Sections 5.2.3.4 and 5.4.3.6). 


Citrate has the advantage that a single buffer can be used to explore a 
wide ‘Tange in pH: 2.1 < pH < 6.4. A further characteristic of this buffer is 


citrate (B; pH 6.5) buffers having 
equal concentrations are blended, pH varies almost linearly with % B over 
this pH range (see Appendix IV for details). This approach can provide a 


convenient and rapid means of varying pH predictably during method develop- 
ment, simply by blending pH 2.5 and pH 6.5 buffers. Once an optimum pH 
value has been established, it may prove desirable to substitute acetate or 


(especially) phosphate for citrate to allow detection at a lower wavelength. 
However, it should be noted that a change in buffer can result in a change 
in selectivity [10,11]. Appendix IV provides more detailed information on the 


preparation of buffers having a desired pH. 


7.2.3 pK, as a Function of Compound Structure 


When optimizing mobile phase pH, it is useful to know the approximate pK, 


values_of the _various_sample-components._This_information_allows_mobile- 
phase composition to be restricted to a useful range of pH values (e.g., pK, 
+15 for me vananion of pane gies asa a uneton of pH, ora pH: ontsag 


thisra 


greater method anes) If pK, valves for the various Suc components 
are unavailable, they can be approximated from the structures of the sample 


: arize a Values in water for some common aci 
or base substituent groups in typical sample molecules. More reliable estimates 
of pX, as a function of molecule structure can be obtained from Ref. 12 for 


various pharmaceutical compounds or by computer calculation (e.g., using 
the pKalc software from CompuDrug (Budapest) [13]. 
For several reasons, the data of Table 7.2 should be used with caution. 


First, values of pK, for a substituent group (e.g., —COOH) can vary greatly, 
depending on the electronegativity of adjacent substituent groups. For exam- 
ple, the pK, value of acetic acid is 4.8, while the pK, value of trichloroacetic 
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TABLE 7.2 pK, Values for Acidic or Basic Functional Groups 
pK, 


Acid Base 


Group Aliph? Arom? Aliph? Arom? 


Sulfonic acid, —SO3H 1 1 
Amino acid, —C(NH,)—COOH 2-4 9-12 


€arboxylic-acid; -COOH 4-5 4-5 


Pyrazine 1 
Sulfoxide, — SO 


1-2 

—— ë Thiazole 1-3 
Amine, —NH2, —NR,, pyridine 8-1 

Imidazole 7 


——~~~——— Piperazine 10 


-= 
an 


Source: Ref. 13. 
“ Aliph, aliphatic substituent (e.g., acetic acid for — COOH). 
r ; : . BA 


acidis0:7-Second,as-organic solvent is-addedtothe-mobite- phase, there-s 


a further change in values of pH and pK, [14]. When the mobile-phase pH 
is adjusted as recommended above (before adding organic), data from one 


study [3} show little di 
water—methanol mixtures for acidic samples (benzoic acid derivatives). This 
same study showed a decrease in apparent pK, for basic samples (anilinium 


derivatives) of about 0.3 units per 10% added methanol. Other studies [14,15] 
show a decrease in pK, for pyridine derivatives: —0.1 to —0.3 units in pK, 
for each 10% addition of methanol, acetonitrile, or THF. 


It is also possible to infer compound acidity or basicity and approximate 
values of pK, from separations where pH is varied as in Fig. 7.2a (i.e., pKa 
= pH for retention that is halfway between the highest and lowest values at 


extreme pH values). For example, in Fig. 7.1 the pK, value of compound 4 
(a base) is about 7. Similarly, compound 1 is an acid with pK, < 4. Computer 
software has been described [3] which allows the estimation of pK, values 


from three experimental RPC runs where pH is varied (as part of method 
development, see Section 10.2.1.1). Another study [16] describes the classifica- 
tion of all sample components as either acidic, basic, neutral, strongly acidic, 


or strongly basic by means of isocratic HPLC experiments where pH and ion- 
pair-reagent concentration are varied. The latter procedure has also been 
extended for use with gradient elution [17]. 


7.2.3.1 Preferred Mobile-Phase pH. The most common acid or base substit- 
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clic, and carboxylic acid (~COOH) groups. Aromatic amines, pyridines, and 
both aromatic and aliphatic carboxylic acids have aqueous pK, values in the 


=8to tt RPC columns normally 
are used in i the pH range 2 to 8, which largely eliminates any control of 
ionization and retention for aliphatic amines. Therefore, changes in retention 


as a function of pH are most likely to be found in the pH range 3 to 6 for 
compounds other than alkyl amines. 
The choice of a “best” starting pH for HPLC method development is 


affected by scveral considerations. For the optimization of band spacing and 
separation, it is desirable that sample retention changes as pH is varied. In 
this case, pH should be varied over the range ~ pK, + 1. In other cases, we 


might want a more rugged separation that remains the same for small] changes 
in pH; this would suggest a pH < (pK, = —2) or > (pK, = +2). Whether 
we are dealing with known samples (where pK, values can be estimated 


in advance of separation) or unknown samples (whose pK, values can be 
approximated experimentally), it is usually best to begin RPC method develop- 


ment_with_a_mobile_phase-whose_pH_can_vary_somewhat without_affecting 
separation (pH < 3; see the discussion in Section 7.3.1). 


7.2.4 Which HPLC Method Is Best for Ionic Samples? 


For regular ionic samples, we have a choice of three HPLC methods: reversed- 


phase, ion-pair, or ion-exchange chromatography. Because of its simplicity, 
freedom from problems, and better column performance, RPC usually is the 
best starting point. If RPC separation proves inadequate, the addition of an 


ion-pair reagent to the mobile phase can be considered next. The extent of 
ion-pair vs. reversed-phase separation can be controlled by the concentration 


of the ion-pair reagent; there is therefore a continuous transition from RPC 
to IPC retention as the reagent concentration is increased from zero to some 
maximum value. So initial reversed-phase experiments can be quite useful for 


he | isaicgtion (it fed)_of an i ir HPLC ion. Special 
considerations may suggest starting with either ion-pair or ion-exchange chro- 
matography, as discussed in Sections 7.4 and 7.5. 


7.3 OPTIMIZING THE REVERSED-PHASE SEPARATION OF 


IONIC SAMPLES 


7.3.1 Initial Experiments 


Reversed-phase method development for ionic samples proceeds in a manner 
somewhat similar to that for neutral samples (Section 6.4). The choice of 


experimental conditions for the first separation can be guided by the recom- 
mendations of Table 1.3. The primary difference between this initial experi- 
ment for ionic vs. neutral samples is the need for (1) a buffered mobile phase 


304 IONIC SAMPLES 


and (2) a reversed-phase column that exhibits minimal silanol effects (i.e., a 
“basic”? RPC column; Section 5.2.1). Alternatively, a column with a non-silica 


matrix can be used instead (€-g., polystyrene, graphitized carbon, étc.; Section 
5.2.1). However, best results usually will be obtained with a less acidic silica- 
based column from Table 5.4. 


For basic samples, silanol interactions (Section 7.3.3.2) can lead to poor 
band shape and reduced column efficiency. A low-pH mobile phase usually 
will give better column performance for these samples (Section 7.3.3.2). Also, 


a low-pH method generally will be more rugged, because small changes in 
PH are less likely to affect the retention of most samples. Finally, when first 


beginning HPLC method development, it is not known that pH variation will 


be required to achieve an acceptable separation; so a mobile-phase pH < 3 
is recommended for initial experiments. 


The_next_step_is_to_adjust_mobile-phase_strength (%_B)_to_provide_an 
acceptable k range for the sample: 0.5 < k < 20. Ionic samples are less likely 
to be retained strongly, and also are more likely to give a wide range of k 


values-For these reasons, _the-best-approach_in-method-development-is-an 
initial gradient elution run. If a wide-range gradient is used (e.g., 5 to 100% 
B), care must be taken to avoid precipitation of the buffer at high % B. This 


buffer (e.g., 0.1% trifluoracetic acid). An initial gradient run can be followed 
by estimating the % B for good isocratic retention (0.5 < k < 20, Section 


8.2.2). The use of an initial gradient also provides information on the sample 
k range (i.e., is an isocratic separation practical?). If an isocratic separation 
appears unfeasible for the pH value initially chosen, it is possible that a change 


in pH or the addition of an ion-pair reagent will reduce the sample retention 
range and still allow isocratic separation (as discussed below). Alternatively, 


if the k range is too wide, the sample can be separated using gradient elution 
(Chapter 8). 
After mobile-phase strength (% B) has been selected for acceptable reten- 


tion or to reduce the retention range so as to allow isocratic separation. Finally, 
column conditions can be varied to provide the best compromise between 


resolution, run-time, and-column_pressure (Section 2.3.3). 


7.3.2 Controlling Selectivity 


Compared to method development for neutral samples, controlling band spac- 
ing in the reversed-phase separation of ionic samples involves additional op- 


tions in the choice of separation conditions. Changes in selectivity also can 
be more predictable if the acidic or basic properties of the sample (pK, values) 
are known. Often, a change in pH is the most effective way to vary separation 


selectivity. Other variables that are also effective in varying band spacing are 
% B, solvent type (methanol, acetonitrile, THF), and temperature, as well as 
column type (Cg or Cig, phenyl, cyano) and buffer concentration. Note that 
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the use of higher temperatures with buffered mobile phases can adversely 
affect column lifetime, especially for pH < 3 or > 7. 


7.3.2.1 pH. As can be seen from Fig. 7.1, a change in pH can result in a 
10-fold or greater change in k for an ionic compound. It may therefore be 


necessary to adjust % B at the same time pH is varied. On the other hand, if 
neutral compounds are present in the sample, a change in pH will not have 
much effect on run time if the last-eluting band is neutral. In the latter case, 


pH can be varied without a need to adjust % B. 
On the basis of an initial gradient run (methanol—buffer at pH 2.5) and 
Table 8.2, the isocratic separation of Fig. 7.4a was carried out. The retention 


range is adequate (2 < k < 10), but bands 6/7 are unresolved. At this point, 
if the effect of pH is to be studied, it is best to carry out one or two additional 


—__________runs with pH varying by about 1 unit. Figure 7.46 and c show 


for a pH equal to 3.5 and 4.5. The retention range for pH 3:5 is still satisfactory 
(0.8 < k < 6), but now bands 5/6 are unresolved and bands 8/9 overlap. 


(pH 2.5) to-5S/6-(pH 3:5), 
it is likely that a better separation can be obtained at an intermediate pH. 
The separation at pH 4.5 (Fig. 7.4c) provides inadequate sample retention 


(0.4 < k < 1.8) and resolution. If separation at this pH is to be investigated 
further, the methanol concentration must first be decreased from that used 
in Fig. 7.4 (35% B). 


Examining the three separations of Fig 7.4a—-c, the logical choice for the next 
experiment is a pH value between 2.5 and 3.5 (e.g., pH 3.0). This separation is 
shown in Fig. 7.4d, with acceptable resolution for all bands (R, = 1.8 for 


critical band pair 3/4). A slight improvement can be achieved by moving band 
4 equidistant between bands 3 and 5. This can be accomplished (not shown, 


but note Fig. 7.4a and b) by an increase in pH to 3.1, for which R, = 
(critical band pairs 3/4 and 4/5). 
Figure 7.4 illustrates the remarkable control over band spacing that is 


possible by varying pH for 


acid-base functionality (i.e., in this case, a mixture of benzoic acids). When 
mixtures of acids, bases, ancor neutrals are involved, even more significant 


changes in-band aof Fig. At 
However, the use of pH optimization for purpose: of controlling band spacing 
and separation must always be balanced against method ruggedness [i.e., the 


effect of small, unavoidable variations in mobile-phase pH on retention and 
separation when a new batch of mobile phase is prepared (Section 7.3.3.1)]. 
Even for simple pH-dependent separations as in Fig. 7.4, it may be difficult 


to keep track of peak identity between chromatograms. Some acidic or basic 
samples undergo a change in absorbance as pH is varied, so that band size 
for a given compound may not remain constant between runs at different 


values of pH. For these and other reasons, it is sometimes necessary to carry 
out several experiments using rather small changes in pH (e.g., 0.2 to 0.5 
units). Injecting standards to confirm peak identity in all runs may also be 


Time (min) 


(d) 


7.3 OPTIMIZING THE REVERSED-PHASE SEPARATION 307 


required for the logical optimization of pH. See the discussion of peak tracking 
in Section 10.7. 


7.3.2.2 Solvent aisha ik hi 54 ae vere ape tor purposes of aE 


a pets ed k range. This AEn can lend o aditional daare in 
selectivity. Thus, band spacing is expected to vary with % B as in the case of 


of a mixture of substituted anilines at pH 3.5 with methanol-buffer mobile 
phases. For a change from 20% to 40% methanol, the separation order of the 


last four bands changes from 5< 6< 7< 810 6 <5 = 8 < 7, Because of 
additional sample-stationary phase interactions involved in the reversed- 
phase separation of ionic samples (vs. neutrals), the resulting changes in 


selectivity when % B is varied should be generally larger for ionic samples. 
Therefore, the importance of solvent strength as a variable for optimizing 
selectivity should always be kept in mind. 


The discussion of the paragraph above might suggest that the simultaneous 
variation of pH and % B will be generally advantageous by taking advantage 
of the independent optimization of œ for each variable. This appears to be 


the case for acidic samples (benzoic acid derivatives [19] but not for basic 
samples (aniline derivatives [20]). After % B was adjusted for 0.5 < k < 20 
and an optimum pH was selected for œ and resolution, it was found for 


the latter sample (anilines) that further adjustment of % B did not improve 
resolution. Conversely, if the pH was not changed and % B was optimized 


for ; z 
ing result appears related to the observation that pH and pK, do not vary 
much with % B in the case of acidic samples, whereas pH and pK, do vary 


with % B in the case of basic samples [3;t4}: Thus, a change in % B to change 
selectivity for basic samples will in some cases be equivalent to a change in 
pH, due to the variation of pH and/or pK, with % B. That is, either pH or 


% B can be changed for a similar change in selectivity, but the combination 
of these two variables may not provide further improvement in separation. 


7.3.2.3 Solvent Type. Solvent type (acetonitrile, methanol, THF) is ex- 
pected to affect selectivity for ionic samples in much the same way as for 


—________neutrals._Therefore,_a_change_in_solvent_is_a_potentially_useful_variable_for 


optimizing separation. Methanol may be preferred to acetonitrile for separat- 


FIGURE 7.4 Separation of substituted benzoic acids as a function of pH. Sample: 


fluoro; 9, 2,6-dimethyl. Conditions: 25-cm Zorbax C8 column; 35% methanol—buffer 
(25 mM sodium acetate); 35°C; 1.0 mL/min. (Simulated chromatograms based on 


——————— experimental data of Ref. 18.) 
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0.0 


1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 


(b) 


FIGURE 7.5 Separation of substituted anilines as a function of percent methanol 
(% B). Sample: 1, 4-methoxy; 2, N-ethyl; 3, 3-methyl; 4, 3,5-dimethyl; 5, 4-chloro; 


6,-3-cyano;7, 3-chtoro; 8, 2-chloro- Conditions: 25-cm Zorbax SB-€8 column; metha- 
nol—buffer (25 mM sodium citrate, pH 3.5); mobile phases; 35°C; 1.0 mL/min. (a) 20% 
methanol; (b) 40% methanol. (Simulated chromatograms based on experimental data 


of Ref-3.) 


ing some ionic samples (more hydrophobic samples that require a larger % B), 
because of the greater solubility of most buffers in methanol—water mixtures 
compared to mobile phases that contain acetonitrile or THF. 


7.3.2.4 Temperature. As noted in Section 6.3.4, temperature generally has 
a minor eff spacing for the RP rati f ral s es, 


This is not the case for ionic samples, because several different retention- 
related processes can be involved in these separations, each responding differ- 


ently_to_a_change_in temperature [21] (e.g.,-changing ionization_of sample 
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compounds, hydrophobic retention of ionized vs. non-ionized molecules of 
the same compound, silanol interactions involving the ionized species, and 


change of pH and pK, with 
changes in selectivity with temperature will occur for pH values that result in 
the partial ionization of compounds of interest (i-e., intermediate values of 


sample of Fig. 7.4 as a function of temperature. For pH 3.2 that is equal to 
the average pK, value of this sample (so all compounds are partially ionized), 


the best separation is observed for an intermediate temperature (40°C, Fig. 
7.6b). Note that the combination of either low or high pH with elevated 
temperatures can lead to a rapid loss of bonded phase with most RPC columns 


(Section 5.4.3.6). 


7.3.2.5 Buffer-Concentration._The_effect_of_buffer_concentration_on_the 
RPC retention of ionic samples is expected to be relatively minor, as suggested 
by the data of Ref. 18 for the separation of substituted benzoic acids. An 


5 , for the 
combination of basic samples and silica-based columns whose silanols are 
significantly ionized. Silanol ionization (Eq. 7.3a) can be expected at any pH 


for acidic (type A) RPC columns and for any silica-based column when 
pH > 6. These ionized silanols can strongly retain protonated bases or other 
cations by means of an ion-exchange process (Section 7.3.3.2; see Eq. 7.3). 


An increase in buffer concentration will then selectively decrease the retention 
of all cationic sample ions, due to increasing competition from buffer cations. 
An example of this effect for the separation of PTH—amino acid samples with 


a Zorbax C8 column has been reported (Ref. 22 and Fig. 1.55). A change in 
buffer concentration as a means of changing selectivity is usually not advisable, 


__________ however, because silanol ionization is generally not reproducible from one 
batch of columns to the next, leading to variable sample retention and sepa- 
ration. 


7.3.2.6 Amine Modifiers. The addition of amine modifiers to the mobile 
phase can affect the separation of basic samples, often resulting in much 


improved peak shapes (Section 7.3.3.2). Often, the retention of basic com- 
pounds will decrease as the concentration of an amine additive is increased, 
due to blockage of ionized silanols by the amine. This can lead to useful 


changes in selectivity. One study [23] described the simultaneous optimization 
of % B, je and ie de EN concentration for we separation of a drug that 


dpd on the presence of ionized silanols ide in Senon 7.3. 2. 5), and these 
tend to vary from column to column of the same type. For this reason, varying 


the-amine-concentration_is—_not-a_first-choice_for_the-control of 
Rather, if an amine is added to the mobile phase, its concentration should be 
large enough to suppress silanol effects as much as possible. 
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(c) 
i benzoic-acids-as-a funetion-of 


Sample and conditions as in Fig. 7.4, except that pH is 3.2. (a) 30°C; (b) 40°C; 
(c) 50°C. (Simulated chromatograms based on experimental data of Ref. 18.) 
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7.3.2.7 Column Type. Section 6.3.3 gives examples of useful changes in 
band spacing for neutral samples as a result of a change in column type (Cg, 


type have 


been reported for ionic samples [24]. Because of the many other variables 
that are available for changing the band spacing of ionic samples and their 


greater convenience in method development, a-change in column type usually 


should be reserved for samples that show poor band spacing after optimizing 
other variables. 


columns and organic—buffer mobile phases [25]. It appears that retention 
occurs by an ion-exchange process that involves protonated bases and ionized 


Silanols (Eq. 7.3). The use of a silica column is recommended only when more 
conventional RPC conditions with a bonded-phase column are unsuccessful. 


7.3.3 Special Problems 


RPC methods for ionic samples are subject to a number of problems that are 


either not found for neutral samples or are more important for ionic samples. 


73.3.1 rer ae 


of one or more sample components, small changes in pH (as little as 0.1 unit) 
can have a major effect on band spacing and sample resolution. This pH 


sensitivity is compounded by difficulty in formulating buffers toa precise pH; 


many laboratories will not be able to measure buffer pH more accurately than 
+ 0.05 to 0.1 unit. ae ie reason, t; the THER PANEIS hs a final ee in terms 


There are several ways in which the problem of pH sensitivity can be 
minimized. First, determine the pH sensitivity of the method. If the mobile- 


pH must be held withi rrow limits (+0. it or , precise p 
control can be achieved by accurately measuring the buffer ingredients (by 
weight or volume) rather than by using a pH meter to titrate the buffer to 


the desired pH. Second, if a precise adjustment of pH in this way cannot be 
assured, carry out separations with mobile phases that are 0.2 unit higher or 
lower than the target pH and include these chromatograms in the method 


procedure. Such separations can be used by the operator to adjust the mobile- 
phase pH when sample resolution is inadequate, due to an incorrect pH; see 
the example of Fig. 1.5d. Finally, the best approach for a method that is pH 


sensitive is to design or rework the method to make it more rugged. Often, 
the exact t rondinons (especially pH) mat tayor maximum resolution may not 


result in a much more rugged method with wilya a sinall sacrifice i in resolution. 
See the discussion in Refs. 19 and 26 and Section 10.6. 


7.3.3.2 Silanol Effects. Ionic samples, especially basic compounds, can in- 
teract with the silanols of silica-based columns (Section 5.2.1.1). This can lead 
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to increased retention, band tailing, and column-to-column irreproducibility. 
It is generally desirable to minimize these silanol interactions by an appropriate 


hoiceof A i litions-Usualty-tl : anni 
interaction is caused by ion exchange. A protonated base (BH*) in the sample 
exchanges with a sodium, potassium, or other cation that is attached to an 


ionized silanol in the column packing; for example, 


BH* + SiO-K* <====> K* + SiO-BH* (7.3) 


Because the capacity of the column to retain basic sample compounds 
according to Eq. 7.3 can be very limited (e.g., < 1 wg), a normal-size sample 


injection (> 1 wg) can overload the column and produce tailing bands (Section 
2.4). To minimize this and other problems, experimental conditions should 


be selected so as to minimize sample retention by the ion-exchange process 


of Eq. 7.3. 
Silanol interactions can be reduced by selecting a column that is designed 


for_basic_samples_(Table_5.4). The-silica_used_for_such_column_packings is 


usually manufactured to minimize the number of very acidic silanols that favor 
the retention process of Eq. 7.3. All silica-based columns contain accessible 


silanols, but their-effect-on-sample retention can be reduced by_using-atow- 
pH mobile phase (2.0 < pH < 3.5) to minimize the concentration of ion- 
ized silanols: 


H* + SiO-K* = K* + SiOH (7.3a) 
(high pH) (low pH) 


Silanol effects can be further reduced [27] by using a higher buffer 
concentration (> 10 mM) and choosing buffer cations that are strongly held 


by the silanols (Na* < K* < NH4 < triethylammonium* < dimeth- 
yloctylammonium*) and therefore block sample retention by ionized sil- 
anols. A 25 mM concentration of potassium phosphate is usually adequate 


` for most basic samples. Buffers in the potassium form are also more soluble 
in organic—water mobile phases than are buffers in the sodium form, which 
makes mobile phase formulation more convenient for potassium_buffers. 


If the tailing of basic compounds persists with the latter conditions, the use 
of ETES See or hexylamine i in pon of liepa may sole e 


tive, but its use as a í mobile- hae modifier can lead: to other problem. TEA, 
hexylamine, and especially DMOA can cause slow column equilibration when 


should be avoided until 
other approaches have been tried. 
The use of sample weights less than 1 ug (for the basic compound in 


question) can further reduce band tailing, while in some cases an increase in 
sample weight also works. For extreme cases it may be necessary to try a 
different column, as the tailing of a given compound tends to vary among 


7.3 OPTIMIZING THE REVERSED-PHASE SEPARATION 313 


different “basic” RPC columns [27a]. Alternatively, the use of a polymeric 
(non-silica) RPC column eliminates problems due to silanols, if the separation 


canbe achieved with a lower plate number (polymeric columns typically are 
less efficient than comparable silica-based columns). 
Some workers recommended working at high pH (e.g., > 7) for the separa- 


tion-of-basie-compounds-[15]—Weak_bases_{e-g.,_anilines,_pyridines)-may_be 
non-ionized at higher pH values, thereby eliminating retention according to 
Eq. 7.3 and its attendant problems. Some columns also show less tailing at 


high pH than at tow pH, possibly because enough silanols are ionized so as 
to no longer limit column capacity. For high-pH separations, one study [15] 
reported more tailing for acetonitrile as solvent vs. methanol or THF. For 


further information, see Refs. 27 to 32. Silica-based columns are less stable 
for pH over 6 and often cannot be used for pH greater than 8. However, 
densely bonded alkyl, endcapped columns made with sol-gel silica supports 


apparently can be routinely used up to at least pH 11 when organic buffers and 
temperatures = 40°C are used [32a,32b; see also Section 5.2.3.4 and 5.4.3.5]. 
An alternative approach for suppressing silanol interactions with basic 


compounds has been proposed recently [33]. The addition of 0.02 to 0.05% 
hexanenitrile to the mobile phase gave much improved peak shapes for several 


this procedure will also be effective for aliphatic amines (which interact more 
strongly with ae) was not derermmed, “Dyiamically modified” sey has 


[34,35]. Bare alia is used as saua packing, and 0 to 20 mM ofa aalen 
long-chain alkyltrimethylammonium ion is added to the mobile phase. This 


ing with an alkyl layer that mimics C;g packing. Reproducibility and peak 
shape are claimed to be superior to separations carried out with basic RPC 


columns [34]. 
Occasionally, acidic compounds are observed to give tailing or excessively 
broad bands in RPC separation. The addition of acetic acid or acetate to the 


mobile phase has proven beneficial in such cases. 


7.3.3.3 Temperature Sensitivity. As seen in Fig. 7.6, a small change in tem- 


perature for the separation of an ionic sample can have a noticeable effect 
on sample resolution. Therefore, the need for column thermostatting is greater 


for the separation of ionic compounds than for neutral samples. If the column 


is to be maintained at ambient temperature, the effect on separation of a 
change i in temperanire should be maa This precaution will anticipate 


7.3.4 Summary 


Method development for the reversed-phase separation of ionic samples pro- 
ceeds in similar fashion as for non-ionic samples (Section 6.4) but with some 
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important differences. This is summarized in Fig. 7.7. If an acceptable separa- 
tion is obtained at any stage of this series of studies, further work can be 


omitted or proceed to step 8 (vary column conditions). 


step 1. Carry out an initial gradient from 5 to 100% methanol in 60 min, with 


a 25 mM potassium phosphate buffer (pH 2.5), a 15 x 0.46-cm less acidic Cg 
or Cg column at 2 mL/min, and the other conditions of Table 1.3. Alternatively, 
carry out an initial isocratic separation with 60% methanol (other conditions 


the same). A lower starting % B value can be used for ionic samples (60% 
B) compared to neutral samples (80 to 100% B, Section 6.2.2.1), because ionic 


samples are usually less strongly retained. 


sTEP 2. Use the initial gradient chromatogram to determine whether isocratic 


possible, estimate the best % B for isocratic separation (Table 8.2). If isocratic 
elution is not recommended, go to step 2a below. 


Alternatively, from the initial isocratic separation, estimate a % B value 
that will give k ~ 10 for the last band; assume that a 10% reduction in % B 


(e.g., change from 60% B to 50% B) will increase k by a factor of 3 (“rule of 


3,” Section 6.2.1.1). 


STEP 2a. If isocratic elution is not recommended on the basis of an initial 


gradient run, or if no isocratic run results in acceptable retention (0.5 < k < 20) 
due to an excessive retention range for the sample, there are three alternatives: 


- Adjust pH and % B together to give a good retention range (0.5 < k < 20). 
- Develop a gradient elution method (Chapter 8). 


- Use ion-pair HPLC to obtain a good retention range (Section 7.4.3.1). 


The likelihood that a pH change or the use of ion pairing can improve the 


retention range can be inferred from the pK, values of early and late bands 
in the chromatogram (if known). For example, for a mobile phase pH of 2.5, 
if the first band has k < 0.5 and is a pyridine derivative, while the last band 


has k > 20 and is neutral, an increase in pH to 6 or 7 should result in decreased 
ionization for the pyridine derivative and an increase in its retention without 
the last band. Then, an increase in % B can be used 


to adjust the retention of all bands into a range of 0.5 < k < 20. See the 
additional discussion in Sections 7.2.1 and 7.4.1 and the example of Fig. 7.8. 


STEP 3. Perform an isocratic separation with a % B value suggested by the 
first experimental run (if gradient elution is used for further method develop- 


ment, the approach is similar, but see the discussion in Chapter 8). If necessary, 
adjust % B to give a k range of 0.5 to 20. If an improvement in selectivity is 
needed, further vary mobile-phase strength (+5 to 10% B) to determine the 
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FIGURE 7.7 Summary of method development for the reversed-phase separation 
of ionic samples. See the text for details. 
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ethanol—b = 6 mH o ne on m m 


from the laboratory of LC Resources, McMinnville, Oregon.) 


316 


74 ION-PAIR CHROMATOGRAPHY 317 


effect of % B on band spacing and separation. Adequate separation may be 
achieved by selecting a value of % B that provides both acceptable retention 


and good resolution. If an acceptable retention range is not possible, return 


to step 2a. 


STEPS 4 AND 5. If an adequate separation is not obtained in step 3 because of 


poor band spacing, change to acetonitrile as solvent (use Fig. 6.4) and adjust 
% B as needed for good retention and separation. Alternatively, vary pH as 


in the 
For most samples the recommended change in pH is as shown in Fig. 7.4: 2. 5, 
3.5, 4.5. If it is known that the pK, values for the sample are > 5, try pH 


values of 4, 5, and 6 instead. During the variation of pH, it may be necessary 
to change % B to maintain 0.5 < k < 20. At the same time, fine-tuning % B 
for further control over band spacing should be investigated. 


sTeP Sa. If the pK, value of an acidic sample is < 2 or that of a basic sample 
is > 8, it may be necessary to use ion-pair HPLC (or a pH-stable, polymeric 


column) for further control of band spacing (Section 7.4). 


STEPS 6 AND 7. Further changes in band spacing are possible by changing 


column type, temperature, or (less frequently) buffer concentration. 


STEP 8. When 


length, flow rate, or particle's size to capa the separation further See the 
related discussion in Section 2.3.3.1. 


7.4 ION-PAIR CHROMATOGRAPHY 


Ion-pair and reversed-phase HPLC share several features. The column and 
mobile phase used for these separations are generally similar, differing mainly 


in the addition of an ion-pair reagent to the mobile phase for ton-pair chroma- 
tography (IPC). For most applications that involve ionic samples, RPC separa- 
tion as in Section 7.3 should be explored first, before considering IPC. IPC 


separations are more complicated to develop and use and are subject to 
additional experimental problems (Section 7.4.5). If RPC method develop- 
ment (Fig. 7.7) is unable to provide an adequate separation due to poor band 


spacing, IPC provides an important additional selectivity option. Thus IPC is 
a oga iow -up tor REC separations that need improvement, 


is not an Ar to iraient elation. as illustrated i in he 7. 8. The initial 
gradient separation of Fig. 7.8a indicates that a satisfactory isocratic separation 


wilnot-be-possible-with-this-mobile-phase(see-diseussion -of Fig8.6).as 


confirmed in the isocratic separation of Fig. 7.8b with 30% B. In Fig. 7.8b the 
first band elutes with k < 0.5 and the last band has k > 20. However, a 
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consideration of the acid-base nature of early and late eluting bands points the 
way to narrowing of the retention range for satisfactory isocratic separation. 


Early bands X to X3 are strongly basic, therefore ionized and weakly 
retained over the pH range 2 to 8; a change in pH will not affect their 
separation. Late bands MP and PP are neutral (and hydrophobic), so their 


retention is also unaffected by pH. However, the use of ion pairing with an 
anionic reagent can selectively increase the retention of these early cationic 
bands relative to later neutral bands, allowing the desired isocratic separation 


of this sample (Fig. 7.8c; see the following discussion). 


7.4.1 Basis of Retention 
Sample retention in IPC is illustrated in Fig. 7.9. The surface of a Cg or Cig 


column packing is shown schematically in Fig. 7.9a as a rectangle covered by 
sorbed molecules of a negative ion-pair reagent (e.g., hexane sulfonate). The 
ion-pair reagent is attracted to the stationary phase because of its hydrophobic 


alkyl group, and the charge carried by the reagent (C,—SO3) thereby attaches 
to the stationary phase. This negative charge on the stationary phase is bal- 
anced by positive ions (Na*) from the reagent and/or buffer. A positively 


charged sample ion (protonated base, BH*) can now exchange with a Na* 
ion as shown (arrows), resulting in the retention of the sample ion by an ion- 


exchange process. Jon-pair HPLC carried out as in Fig. 7.9a bears a close 


resemblance to ion-exchange chromatography, as described in Section 7.5. 


7.4.1.1 pH and Ton Pairing. Further detail describing retention in IPC is 
shown in Fig. 7.9b and c for the case of an acidic (anionic) sample RCOOH 
and a positively charged ion-pair reagent (tetrabutylammonium, TBA‘). In 


Fig. 7.95 no ion-pair reagent is added to the mobile phase (simple RPC 
separation). At low pH, the non-ionized RCOOH molecule is strongly retained 
vs. the ionized acid RCOO-, so retention vs. pH under these conditions 


exhibits the characteristic pattern of Fig. 7.2a (reversed for the acidic sample 
of Fig. 7.9b vs. the basic sample of Fig. 7.2a). For the example of Fig. 7.98, 
—— maximum retention occurs at low pH and minimum retention at high pH. In 


Fig. 7.9c, enough ion-pair reagent TBA* is added to the mobile phase so as 
to cover the stationary phase completely, thereby minimizing the retention 
of the -neutral molecule RECQOQH- However, the resulting positive-charge-on 


the stationary phase (from adsorbed TBA*) causes a strong attraction of the 
negatively charged RCOO-. When sample retention is plotted vs. pH under 


these _ion-pairing conditions, maximum retention now occurs at high pH 
(where the sample is completely ionized), and minimum retention occurs at 
low pH (no sample ionization). 


The nature of IPC as illustrated in Fig. 7.9c results in a retention process 
that is very different from reversed-phase HPLC in Fig. 7.9b. Therefore, large 
changes in separation selectivity for ionic samples can be anticipated upon 


7.4 ION-PAIR CHROMATOGRAPHY 319 
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FIGURE 7.9 Pictorial representation of ion-pair chromatography retention. (a) Re- 
tention of a protonated base (BH+) during IPC; Na* is the mobile-phase cation; ion- 
pair reagent is hexane sulfonate; (b) reversed-phase retention of carboxylic acid sample 
RCOOH on C; stationary phase as a function of pH; (c) sorption of ion-pair reagent 
(TBA*) onto stationary phase and retention of carboxylic acid sample (RCOO") as 
a function of pH. 
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adding an appropriate ion-pair reagent to the mobile phase used for reversed- 
phase HPLC. 


7.4.1.2 Ion-Pair Reagent Concentration. It is possible to vary the retention 
process continuously from reversed-phase to ion-exchange separation by chang- 


ing the amount of ion-pair reagent taken up by the stationary phase. This is 
effected by varying the concentration of reagent in the mobile phase. Consider 
first the uptake by the Cig column of the sulfonate reagent P-, as shown in 


Fig. 7.10a. The concentration of reagent in the stationary phase (P7), is plotted 
vs. the concentration of reagent in the mobile phase (P-),,, for two different 
reagents: C,~sulfonate and C,—sulfonate. For each reagent, column uptake 


increases for higher reagent concentrations in the mobile phase, but then 
levels off as the comin becomes salurated with thi reagent. Because the 


the calina ata a lower mobile- -phase feapent concentration. Therefore, a given 
reagent uptake by the column (e.g., 50% of saturation) is achieved with a 


lewer-concentration-ef the-more-hydrephebic-C,—-reagent than-_with theless 


hydrophobic C,-reagent. Sample retention is determined primarily by the 
uptake of reagent and the resulting charge on the column. Therefore, similar 


8 
tion in the mobile phase is adjusted to give the same molar uptake by the 
column (see also Fig. 7.12c and related discussion). For a more detailed discus- 


sion, see Ref. 36. 
Next, consider the change in sample retention as the sulfonate ion-pair 
reagent concentration is increased (Fig. 7.106). For an ionic, hydrophilic sam- 


ple compound BH‘, retention occurs mainly as a result of the ion-exchange 
retention process of Fig. 7.9a or Fig. 7.10b. Thus, as the charge on the column 
increases due to an increase in [P-]m, k for the compound BH* also increases. 


Once the column becomes saturated with the reagent (maximum column 
charge), sample retention levels off. Because IPC retention involves an ion- 
lead to an in- 


crease in the counterion concentration (Na* ), which competes with the reten- 
tion of the ease ion on ne column. P erenhon thererore Bors through a 


ment, the reagent concentration is s üsül varied from zero to a value that 
provides maximum retention of oppositely charged sample ions. This approach 


provides a wide range of separation selectivity, thereby improving chances 
for a good separation while avoiding excessive reagent concentrations that 
are expensive and conducive to poor separation. 


When pH and ion-pair reagent concentration are varied simultaneously, 
considerable control is achievable over both retention range and band spac- 
ing. This is a result of the simultaneous retention of the sample by both 


reversed-phase and ion-exchange (or ion-pair) processes. As the uptake of 
reagent by the column increases, ion-exchange retention becomes more im- 
portant, and reversed-phase retention becomes less important. This effect is 
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of the ion-pair reagent as a function of concentration for reagents of differing hydropho- 
bicity (Cs- and Cs-sulfonates); (b) retention as a function of reagent concentration. 
See the text for details. 
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illustrated in Fig. 7.11 for the separation of a mixture of bile acids [plots of 
log k vs. pH; note that the y-axis starts at —0.5 unit in (a) and —0.2 unit in 


(b)]. Figure 7.11a shows the reversed-phase retention of the sample as a 
function of pH with no reagent added. Maximum retention of all components 
occurs at low pH and minimum retention at high pH. Upon the addition of 


1 mM tetrabutylammonium ion (TBA*) to the mobile phase, there is a small 
uptake of reagent by the column (5 to 10% saturation). This uptake increases 
sample_retention_at_high pH-by a factor of about 5._A_small_decrease_in 


retention is found at low pH, due to the partial blockage of the stationary 
phase by the sorbed reagent. Usually, a much higher concentration of the ion- 


pair reagen (TBA) would be usedto create aHargerion-pairing effect(see 


the discussion of Fig. 7.13c, which recommends about 100 mM for the example 
of Fig. 7.11 with 45% acetonitrile-buffer as mobile phase). Larger k values 


for the sampte would then occur at high pH vs. low pH (as in Fig- 7-9c)- 


7.4.1.3 Ion-Pair Reagent Type. The change in sample retention as the ion- 


pair reagent concentration is varied is illustrated further in Fig. 7.12 for the 
separation of a positively charged base (Adr*), a negatively charged acid 
(NpS`), and a neutral compound (BzOH). With no added ion-pair reagent, 


the separation of Fig. 7.12a results. The protonated base Adr* is unretained 
(k = 0), and the other two compounds (BzOH and NpS°) are retained ade- 
quately (k ~ 5). The addition of 14 mM octane sulfate as ion-pair reagent to 


log k 


15 no ion-pairing log k 1mM TBA 
e——-e-——___. 
Oe 
`; 

UOC So 
“soc. e. . 
——-?——— daaa 
Å r ° =n 
ma 2- oc ETN —se 
o—o— o- — 
742-0C Q= 


(b) 


the retention of different bile acids. Conditions: Cg column; 45% acetonitrile—buffer 
(phosphate); ambient temperature. (a) No ion-pair reagent; (b) 1 mM tetrabutylam- 


monium (TBA) ion added. (Reprinted with permission from_Ref_37.) 
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Conditions: Cig column; 20% methanol-buffer (20 mM phosphate, pH 6); 25°C. (a) No added 


ion-pair-reagent;-(b)14-mM_octane-sulfate-_[L62mol/m2 in-{c)];{c)-plot-of solute-retention 
vs. reagent uptake by column (jmol/m?); (Reprinted with permission from Ref. 38.) 
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the mobile phase (1.6 umol/m? uptake by the column) changes the separation 
as seen in Fig. 7.12b. The neutral compound BzOH is retained somewhat less, 


while the two ionic species change places in the chromatogram. The much 
increased retention of Adr* in Fig. 7.12b is due to its attraction by the negative 
charge on the column (the result of sorbed, negatively charged reagent). The 


strongly decreased retention of NpS~ is due to its repulsion by this same 
negative charge on the stationary phase. 
Figure 7.12c shows 


only on the resulting charge on the column. Retention data for each of the 
three compounds are plotted vs. the moles of reagent taken up by the 


column for three different reagents-Cg—; Cjo—, and C,2—sulfates. Fora given 


concentration of sorbed reagent (zmoles per column), the retention times for 
each compound are approximately the same (i.e., the same separation results). 


This means that identical separations can be achieved with different ion-pair 
reagents. To achieve the same separation as with the Cio reagent, a larger 
mobile-phase concentration of the Cg reagent is required or a lower concentra- 


tion of the Cız reagent. This can also be seen in Fig. 2 of Ref. 39 and is 
discussed further in Ref. 40. In some cases, two ion-pair reagents will differ 
greatly in hydrophobicity, so that no reasonable concentration of the less 


hydrophobic reagent can provide the same column uptake and charge on the 
column packing as the more hydrophobic reagent. An example [41] is provided 
by trifluoroacetate (TFA) and _ heptafluorobutyrate (HFBA), two ion-pair 


reagents that are used commonly in the separation of peptides and proteins 
(Section 11.2). TFA is absorbed much less than is HFBA, and no concentration 
of TEA -can_provide-a-separation_similar to that of HFBA when the _latteris 


present at >10 mM in the mobile phase. For a more detailed description of 
the theory of ion-pair retention, see Refs. 38 and 42 to 44. 


7.4.2 Initial Experiments 


For an ionic sample, the conditions of the initial experiment for IPC will 
normally be the same as for reversed-phase separation (Fig. 7.7). That is, no 


ion-pair_ reagent _will be _used initially, Once it has been determined that IPC 
may be appropriate, a suitable ion-pair reagent is then added to the mobile 
phase. Other conditions remain the same, so the question is: what ion-pair 


reagent and what concentration? 
Most ion-pair reagents used today are either alkyl sulfonates or tetraalkyl 
ammonium salts, either of which allow UV detection above 210 nm. Alkyl 


sulfates and perchlorate (CIO;z) have been used occasionally for the separation 
of basic compounds, but usually these IPC reagents have no special advantage. 
Sulfonates should be used for basic samples, to provide increased retention 


of protonated bases and other cations. Tetralkylammonium salts are used for 
acidic samples, providing increased retention for ionized acids and other 


anions. The choice of reagent type (anionic or cationic) for mixtures of acids, 
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bases, and/or neutrals will depend on the initial chromatogram, as in the 
example of Fig. 7.8. 


Mixtures-of ion-pair_reagents-with opposite charge {€-8-, a-sulfonate_plus 
a quaternary ammonium compound) are normally counterproductive, since 
the two reagents will associate and hence tend to neutralize the effect of each 


ium (CTMA) and dodecanesulfonate (DS) in combination for the separation 
of basic samples, where the primary role of the CTMA was to reduce the 


effect of stationary-phase silanols. This study also reported that the use of 
two IPC reagents allowed further control over retention and selectivity. 
The discussion of Section 7.4.1.3 makes it clear that similar separations 


can be obtained with ion-pair reagents differing in chain length, if reagent 
concentration is varied to provide the same stationary phase charge [e.g., 
Cs- vs. Cjo—sulfonates (as in Fig. 7.12c), or tetraethyl vs. tetrabutyl ammonium 


salts]. The choice of a particular ion-pair reagent (more or less hydrophobic) 
depends on mobile phase strength (% B), as discussed in Ref. 46. This is 


summarized in Fig. 7.13. Figure 7.13a, which shows reagent uptake by the 


column vs. the mobile-phase concentration of octane sulfonate. The different 
curves (0, 10, 25, 40) are for different percent methanol concentrations in the 
mobile-_phaseAs-expected, reagent uptake (retention) is less for higher %-B 


values (just as for the retention of a sample compound). 
The objective in selecting a particular ion-pair reagent is to be able to 


achieve-a significant column uptake of the reagent for a reasonable reagent 
concentration. This approach allows a wide range of ion-pair selectivity to be 
explored by varying reagent concentration. The curves of Fig. 7.13a appear 


to level off at a maximum column uptake of about 300 «mol/g, which can be 
achieved with a reagent concentration of about 40 mM for the case of 0% 
methanol. If the mobile phase is 40% methanol, a much higher concentration 


of this reagent (>>40 mM) will be required to achieve maximum uptake by 
the column. Therefore, octane sulfonate is a less suitable reagent choice for 
a mobile phase containing more than 40% methanol. In this case, separation 


may benefit from the use of a more strongly retained reagent (e.g., Cio- or 
Cj2~-sulfonate). 
Figure 7.13b summarizes the preferred sulfonate reagent and a concentra- 


tion that can provide effective ion pairing (significant reagent uptake) for 
mobile phases that contain different concentrations of methanol. For example, 
if the mobile phase is 25% methanol-water, either Cg— or C,.—sulfonate is 


recommended, with initial concentrations of about 30 or 10 mM, respectively. 
These initial concentrations (which provide about one-third of maximum re- 
agent uptake by the column) can in each case be varied up or down so as 


to change the extent of reagent uptake and ion pairing, and thereby vary 
band spacing. 


H acetonitrile or THF is used instead of methanol, Table7.3-can be-used 


to estimate the change in recommended reagent and its concentration. For 
example, for 25% acetonitrile as mobile phase, the equivalent percent metha- 
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TABLE 7.3 Solvent-Strength Relationships (in 
percent) for lon-Pair HPLC Using Anionic Ion-Pair 


D T] 


Methanol Acetonitrile THF 
Q Q Q 
10 3 1 
20 8 4 
30 13 8 
40 19 14 
50 25 21 
60 32 30 

70 39 (40)° 
80 (46) (51) 
90 (53) (64) 
100 (60) (78) 


Source: Ref. 40. 


“For example, if 20% methanol provides a good retention 
range (0.5 < k < 20), then 8% acetonitrile or 4% THF should 
provide similar run times. 


b Approximate value. 


tration of 25 or S mM, respectively. Figure 7.13c provides similar guidelines for 
the use of tetraalkyl quaternary ammonium reagents for separating acids. 


7.4.3 Controlling Retention Range and Selectivity: Changes in % B, pH, 


and_Ion-Pair Reagent- Concentration 
7.4.3.1 Retention Range. The separation of neutral samples allows the easy 
control of retention range during RPC method development. Mobile-phase 


composition (% B) is varied first to obtain 0.5 < k < 20. If solvent type is 
varied, Fig. 6.4 can be used to estimate the change in % B required for the 


same retention range. There is, therefore, no special problem in finding and 


maintaining a % B value that provides a good retention range. 
The situation can be somewhat euierent for the separation of ionic samples. 


FIGURE 7.13 Selection of ion-pair type and concentration as a function of sample 
type and mobile phase strength (% B). Conditions: methanol—buffer mobile phase, 
Cig column. (a) Uptake of Cg-sulfonate vs. reagent concentration for different_% 


B values; (b) recommended alkyl sulfonate type and concentration for different % 
B values (basic samples); (c) recommended tetralkylammonium ion and concentration 
for different % B values (acidic samples). (Reprinted with permission from Ref. 46.) 
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during attempts to vary selectivity via changes in pH, ion-pair reagent concen- 
tration, and so on. This makes method development for IPC somewhat more 


complicated than for RPC. On the other hand, these same extreme changes 
in retention can be used to advantage. For example, the use of ion-pair 


may permit isocratic separation with 0.5 < k < 20. Also, if the acid—base 
properties (pK, values) of sample bands are known in IPC, there is a high 
depree_of predictability with regard to the effects of different variables-on_the 


relative retention of these bands. These observations are illustrated by the 
separations of Fig. 7.8. 


inthe gradient separation of Fig- 7-82-and_the isocratic separation of Fig, 
7.8b, the four compounds X to X2 and HB are weakly retained, while MP 
and PP are strongly retained. Isocratic separation with 0.5 < k < 20 is not 


possible for this mobile phase. However, compounds X to X2 are all strong 
bases (pK, ~ 10, Table 7.2), so these compounds will be positively charged 
for all reasonable pH values, while compounds MP and PP are neutral. This 


means that the addition of a sulfonate ion-pair reagent will selectively increase 
the retention of bands X to X2, while moderately decreasing the retention of 
bands MP and PP (as in Fig. 7.12c), thereby decreasing retention range to 


allow isocratic separation. Isocratic separation with addition of an ion-pair 
reagent is shown in Fig. 7.8c, and a reasonable retention range is now observed 
for this sample: 0.8 < k < 15. 


The adjustment of retention and retention range by means of pH changes 
or ion pang can be pursued for van R in Similar fashion as in ane 


the retention of Bosuively charged species aa drone decrease the retention 
of negatively charged species (and vice versa for tetraalkyl ammonium re- 


agents)._Any-ion-pair_reagent-may-reduce the retention-of neutrals, butto-a 
lesser degree. Similarly, an increase in pH results in increased ionization of 
acids and decreased ionization of bases. Thus, predictable changes in retention 


result, depending on the pK, values for each compound, as mobile- 
and/or the type of concentration of the ion-pair reagent are varied. For further 
examples and discussion, see Ref. 16. 


The preceding approach (prediction of changes in sample retention as pH or 
IPC reagent concentration is changed) requires a knowledge of the acid-base 
properties (pK, values) of each band in the chromatogram plus peak tracking 


as discussed in Section 10.7. Alternatively, when sample pK, values are not 
known initially, experiments where pH is varied (as in Fig. 7.1 or 7.4) allow 
estimates of acid—base behavior for each band. Once approximate pK, values 


have been assigned to each band in this way, the predictable adjustment of 
retention and retention range (via changes in pH or reagent concentration) 


can proceed as above. 


7.4.3.2 Selectivity. An alternative approach to the optimization of pH and 


ion-pair reagent concentration can be used [43] as outlined in Fig. 7.14. Buffers 
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(B) pH = 2.5 


er Bhs (A) MeOH 


(C) pH =7.5 


Sulfonate 


FIGURE 7.14 Experimental design for rapid optimization of retention range and 


selectivity in ion-pair HPLC. Simultaneous variation of mobile-phase pH and ion-pair 
reagent concentration. (Reprinted with permission from Ref. 43.) 


at low pH (B), high pH (C), and lightly buffered intermediate pH plus ion- 
pair reagent (D) are blended with organic solvent (methanol, A) in a systematic 


manner that allows wide variations in both pH and ion-pair reagent concentra- 
tion. This experimental design is conceptually similar to that discussed pre- 
viously for optimizing solvent-type selectivity in reversed-phase HPLC (Fig. 


6.15). The percent methanol in mobile phases 1 to 3 is adjusted to provide 
roughly equal run times for the sample of interest. 


The first experiment in Fig. 7.14 (ow pH, no. 1) requires adjustment of 
% B (methanol) to provide either a good retention range mes 5<k < 20) or 
a retention mior the last S band of k = 10 to 20. Once this separation has 


pH, no. 2; ion pairing, no. 3. In some cases, aly a small variation in % B will 
be required among these three runs to maintain a constant run time. In other 


eases, a change-of 10-to 20% Bmay be necessary. 
The next step is to blend the three initial mobile phases (1 to 3) to produce 
mobile phases 4 to 7 (see the similar discussion of Fig. 6.15). This approach 


is conveniently accomplished by using citrate ers € molarity for 
buffers 1 and 2, since mixtures of buffers 1 and 2 will vary linearly in pH 
according to the proportions of each buffer. Thus, mobile phase 4 will have 


a pH that is halfway between that of runs I and 2 (once a near-optimum 
PH is selected, citrate can be replaced by phosphate or acetate for low-UV 
detection). When all seven experimental runs have been carried out, the 


resulting chromatograms can be displayed in the format of Fig. 7.14; see 
the example of Fig. 7.15. The properties of the resulting mobile phases are 
summarized in Table 7.4. Further adjustment of experimental conditions pro- 
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A 


$—+_4+_4_4 


or 239 4 
Time (min) Time (min) 
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TABLE 7.4 
Run pH Ton Pairing (%)* 
1 Low (2.5) 0 
2 High (7.5) 0 
3 Intermediate(S.0) 100 
4 Intermediate (5.0) 0 
5 High (7.5) 50 
6 Low (2.5) 50 
7 Intermediate (5.0) 33 
a % Ion-pair reagent (based on Run 3). 


ceeds as in the example of Fig. 6.16. This experimental approach for IPC is 


illustrated by the example of Fig. 7.15, for a mixture of five compounds that 
include one or more acids, bases, and neutrals. 
The separations of Fig. 7.15 are effective in quickly identifying promising 


combinations of pH and ion-pair reagent concentration. Consider first those 
separations with a good retention range: 0.5 < k < 20. Runs 1 to 5 in each 
case show a band eluting very near to tọ (k ~ 0), while runs 6 and 7 each 


show a first band with k > 1 (acceptable retention). In all seven runs of Fig. 
7.15, k for the last band is about 5. From these initial experimental runs 
(Fig. 7.15), it can be concluded that a pH of 2.5 to 5 and 33 to 50% ion 


pairing reagent (67 to 100 mM hexane sulfonate) is effective in maintaining 
a reasonable retention range. 
The resolution in runs 6 and 7 (Fig. 7.15) is marginal, however, due to poor 


band spacing. The critical band pair differs in these two runs, so an intermedi- 
ate pH is expected to provide improved resolution. Alternatively, sample 
resolution is good for run 4, which suggests that it might be beneficial to hold 


pH at 5.0 and vary the concentration of ion-pair reagent by blending mobile 
phases 4 and 7 together for better retention of the first band. The resulting 


FIGURE 7.15 Application of optimization scheme of Fig. 7.14 for the separation 


of a cold-cough remedy. Sample: a mixture of five compounds: 1, phenylephrine; 
2, glycerol guaicolate; 3, pseudoephedrine; 4, sodium benzoate; 5, methylparaben. 
Conditions: 15 X 0.46-cm Zorbax C8 column, with mobile phases as follows: 


Vol % Solvent in Mobile Phases 1 to 7 
Solvent 1 2 3 4 5 6 7 


A: methanol 30 27 34 29 30 32 30 
B: pH 2.5 buffer 70 0 0 35 0 35 23 
€>pH 7:5 buffer 0 F3 0 36 36 0 24 
D: 200 mM hexane sulfonate 0 0 66 0 33 33 22 


(Reprinted with permission from Ref. 43.) 
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separation for this 50/50 blend of the two mobile phases is shown in Fig. 7.16 
(run 4/7). The retention range for run 4/7 is acceptable (1 < k < 7), and 


resolution is almost adequate (R, = 1.3). A comparison of runs 7 and 4/7 
shows that a different blending of these two mobile phases can position band 


3 halfway between bands 2 and 5 for an excellent final separation. 


An alternative experimental procedure for the simultaneous optimization 
of pH and ion-pair reagent concentration has been reported [47]. It is better 
suited_for_the_quantitative_prediction_of_separation_as_a_function_of_these 


variables. A four-level two-factor factorial design was used that requires 16 
experiments with pH and reagent concentration varying. Similar optimization 


——————-sehemes-have-been-reported_by-others_{17}. Thelatter-approaches-require 
much more experimental work and should be reserved for very challenging 
samples. 


7.44 Other Changes in Selectivity 


7.4.4.1 Solvent Strength (%B). As discussed above, varying pH and ion- 
pair reagent concentration together allows a considerable control over both 
% B also may be 


required as a means of controlling retention range. Further small changes in 


poor poor 
retention resolution 


FIGURE 716 Continua n me p pmen puch dremed 
7.15. Chromatograms s for runs sd Aand T 7; new chromialogrdin for mobile phase 
prepared by blending mobile phases from runs 4 and 7 (4/7). (Reprinted with permission 
from Ref_43.) 
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% B (while maintaining 0.5 < k < 20) often result in useful changes in IPC 
band spacing [48-50], as illustrated in Fig. 7.17. The critical band pair for this 


separation is X3/propyl paraben (last two bands). An increase in percent 
methanol leads to a reduction in relative retention for all four protonated 
bases (X to X3) and a resulting increase in the resolution of the last two 


bands. Eventually, for a methanol concentration of 50%, band X overlaps the 
methyl paraben band (resulting in a new critical band pair). A mobile phase 
with 45% methanol provides the best separation in this case. 


The result of Fig. 7.17 can be generalized as follows. When % B is increased 
for the IPC separation of a mixture of ionic and neutral compounds, the 


adsorption of the ion-pair reagent to the stationary phase will be reduced (as 


in Fig. 7.13a). This will cause a selective reduction in the retention of ionic 


compounds that are oppone in charge ti to the C reagent, This in turn will cause 
a H eia e 
Fig. 7.17. 


7.4.4.2 Temperature. A change in selectivity with temperature is expected 
whenever two or more distinct processes contribute to sample retention. In 
the case of ion-pair HPLC, several of the following equilibrium processes 


are often involved: sample retention by ion-exchange and/or reversed-phase 
processes, ionization of the buffer and sample, and sorption of the ion-pair 


reagent. Therefore, it will be rare in IPC that a change in temperature does 


not lead to significant changes in band spacing. Several examples of major 
changes in æ with temperature for IPC have been reported in the literature 


[5152}-There-is-also-a-corollary-to-this-frequent-changein-selectivity-with 
temperature: For reproducible separations by ion-pair HPLC, it is important 
to thermostat the column. 


7.4.4.3 Buffer Concentration. An increase in buffer (or salt) concentration 
will result in decreased retention for sample compounds that exhibit ion 


pairing. The reason is that these compounds undergo ion exchange under the 
conditions of separation (Figs. 7.9a and 7.10b). Thus, an increase in buffer 
(or salt) concentration in ion-pair HPLC serves mainly to mimic the effect of 


a decrease in the ion-pair-reagent concentration. Any selectivity effects due 
to a change in buffer concentration can therefore be simulated by varying 
reagent concentration. For this reason, buffer concentration is seldom used 


as a means of controlling selectivity in ion-pair HPLC. 


7.4.4.4 Solvent Type. Changes in solvent type (methanol, acetonitrile, THF) 
in IPC have been used occasionally for the purpose of changing selectivity. 
In some cases [43,53~55] little change in band spacing was noted upon changing 


solvent type. In other studies, however, very significant and useful changes in 
selectivity have been observed for a change in solvent type [56]. This effect 
is illustrated in Fig. 7.18 for a mixture of catecholamines separated by ion- 
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Benzoate 


40% MeOH 


Methy! paraben 


Hydroxybenzoate 


Propyl paraben 


0.0 3.7 7.4 11.1 14.7 19.4 
(a) 
45% MeOH 
AALS a a OPUS NEAREST a) 
0.0 2.3 4.6 7.0 9.3 11.6 
(b) 
50% MeOH 
———————_— > HH 
0:0 t5 3.0 4.5 6.0 
TIME (min) 
(c) 


FIGURE 7.17 Effect of solvent strength (% B) on band spacing in ion-pair chromatog- 
raphy. Same sample and conditions as in Fig. 7.8c, except for changes in percent 


methanol; the separation of Fig. 7.8c is repeated in this figure (40% methanol). (Unpub- 
lished data from the laboratory of LC Resources, McMinnville, Oregon.) 
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FIGURE 7.48 Effect of ing imion ; 
separation of catechol amines. Sample: 1, noradrenaline; 2, adrenaline; 3, octopamine; 
4, 3,4-dihydroxyphenylalanine; 5, dopamine; 6, isoprenol; 7, tyrosine. Conditions: 


15—0.46-em-€),-column;_buffer, 50-mM_aqueous-phosphate-(pH_2.5);1_mL/min; 
25°C. (a) 10% methanol—buffer; (b) 2.5% THF; (c) 6% acetonitrile. (Reprinted with 
permission from Ref. 56.) 
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pair HPLC with different solvents: (a) 10% methanol, (b) 2.5% THF, and 
(c) 6% acetonitrile. In this example, acetonitrile is the preferred solvent. 


However, similar changes in band spacing might be achieved by changes in 
any of the variables discussed above (% B, pH, etc.). 
Another example of solvent-type selectivity in IPC is shown in Fig. 7.19 


for the formulated pharmaceutical product described in Figs. 7.8 and 7.17. 
When acetonitrile was used as organie solvent, and % B and 1e ion- pair 


cntemmedinic bands (X to X2) are bunched together and aaa resolved. 
When methanol was substituted for acetonitrile and % B and ion-pair reagent 
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FIGURE 7.19 Effect of solvent type on band spacing in ion-pair chromatography. 
Same ee as in Fig. 7 7.17, except Mitferent organic solvents. (a): 15 x 0.46-cm Zorbax 
09 


plus 77 mM octane sulfonate; 45°C; 2. 0 mL/min; (b) deplabation as in Fig. 7. 17b (45% 
methanol-water). (Unpublished data from the laboratory of LC Resources, McMinn- 


ville, Oregon.) 
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concentration was again optimized, the basic compounds X to X3 were sub- 
stantially more retained, allowing the much improved separation shown in 


Fig. 7.19b. In this case, a change in solvent provided an expanded retention 
range for a critical group of bands (bands 2 to 6 in Fig. 7.19a) and much 
greater resolution. 


When changing the organic solvent as in Figs. 7.18 and 7.19, it is convenient 
to use the solvent nomograph of (Fig. 6.4) as a means of holding solvent 
strength and run time constant. As discussed in Ref. 40, however, Fig. 6.4 is 


often less reliable for IPC. Therefore, it may be necessary to adjust % B 
further after changing solvent type on the basis of Fig. 6.4. When sulfonate 
ion-pair reagents are used, the relationships of Table 7.3 have been claimed 


to be more reliable than Fig. 6.4 (but not in the example of Fig. 7.19). 


7.4.4.5 Buffer Type or Added Sait. The buffer usually is not varied in IPC 
for the purpose of changing selectivity. Neither is salt ordinarily added to the 
mobile phase. Since IPC is in part dependent on an ion-exchange process, 


similar effects as in ion-exchange chromatography (Section 7.4) can be ex- 
pected when changing the buffer or adding salt (e.g., a decrease in ionic 
strength should lead to an increase in retention for compounds that interact 


with the ion-pair reagent). 


7.4.4.6__Amine_Modifiers._Amine modifiers have been added_to the mobile 


phase in IPC for the purpose of changing selectivity in the separation of basic 
Toer [53]. The ion- pair Heapent wil be anionic in this case (e.g., an alkyl 


thus neutralizing its effect. For this reason it mehi a d that z a milan 
selectivity could be achieved either by adding amine modifier or reducing the 


not the case. That is, additional control over selectivity was provided by the 
use of an amine modifier. 


7.4.5 Special Problems 


The problems that can occur in reversed-phase separations of ionic samples 
(Section 7.2) are also applicable for ion- pair HPLC: pH sensitivity, silanol 
7 and peak track- 


ing. Some additional difficulties can be anticipated. 


7.4.5.1 Artifactual Peaks. Both positive and negative peaks sometimes are 
observed when the sample solvent is injected in IPC (blank run). These 
artifactual peaks can interfere in the development of an HPLC method or its 


routine use. For this reason, blank runs should be carried out both before 
beginning the development of an IPC method and after a promising separation 
has been achieved. 
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Problems with artifactual peaks are usually the result of differences in 
composition of the mobile phase and the sample solvent, an effect that can 


be magnified by the use of impure buffers, ion-pair reagents, or other mobile- 
phase additives. A good general rule in IPC is to match the compositions of 
the sample solvent and mobile phase as closely as possible (including reagent 


concentration), and to inject smaller (more concentrated) sample volumes 
(e.g., <50 uL). If the problem persists, a different lot of the ion-pair reagent 
should be tried. For a further discussion, see Ref. 57. 


7.4.5.2 Slow Column Equilibration. Both the uptake and release of the 
ion-pair reagent by the column _can_be slow under some circumstances. For 


this reason, it is imperative to confirm that sample retention is reproducible 
after changing the mobile phase, when one or both mobile phases contain an 


ion-pair-_reagentColumn-equilibration-is-generally slower when-the-ion-pair 
reagent is more hydrophobic (e.g., decane sulfonate vs. hexane sulfonate) 
and/or for the case of quaternary-ammonium reagents such as tetrabutylam- 


monium [38]. When an IPC mobile phase is to be replaced, it may be advanta- 
geous to first remove the previous ion-pair reagent from the column with a 
wash solvent, followed by equilibration of the column with the new mobile 


phase. 
Anionic reagents (e.g., sulfonates) are more readily removed with a wash 
solvent composed of 50 to 80% methanol-water. Quarternary ammonium 


reagents require the use of 50% methanol—buffer (100 to 200 mM) (e.g., 
100 mM potassium phosphate salt with pH 4 to 5; the added potassium phos- 
phate serves to reduce the interaction of the reagent ammonium group with 


silanols). In either case, a minimum of 20 column volumes of wash solvent 
should be used before checking for retention reproducibility (column equili- 


The initial equilibration of the column with a mobile phase that contains 
an ion-pair reagent may also be slow. The IPC method of Fig. 7.17b was 


believed initially 


volumes of mobile phase [58]. When samples were subsequently run for an 
extended period, however, it was found that a very slow decrease in retention 


forthe basic compounds -X_to-X3 occurred over-a period of 11-h- To avoid-a 
12-h equilibration of the column at the beginning of every series of runs, it 
was necessary to store the column in the mobile phase upon completion of a 


series Of runs. The tatter expedient can allow a much more rapid cotumn 
equilibration during startup. 
The slow equilibration of the column with many ion-pair reagents can 


create problems if gradient elution 1s used under these conditions. Retention 
may be less reproducible, baselines can be more erratic, and other separation 
problems may arise. For this reason, ion-pair HPLC in a gradient mode is 


usually not recommended. An exception can be noted for the case of smaller 
ion-pair-reagent molecules such as trifluoracetate (TFA) and triethylamine, 


whose equilibration with the column is faster. TFA is commonly used as an 
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additive for the gradient separation of peptides and proteins, with few resulting 
problems. Triethylamine has also been claimed [59] to work well as an ion- 


pair-reagent-in-gradient-elution. 


7.4.5.3 Poor Peak Shape. Silanol effects can adversely alter peak shape 


in IPC, just as in = 
basic compounds, the column and mobile phase should be chosen with 
this in mind (Table 5.4, Section 7.3.3.2). When ion-pair reagents are used, 


however, silanol effects are often less important. The reason is that an 
anionic reagent confers an additional negative charge on the column packing, 
and this reduces the relative importance of sample retention by ion exchange 


with silanol groups. Similarly, cationic reagents are quite effective at blocking 
silanols because of the strong interaction between reagent and ionized 
silanol groups. 


Some studies have shown peak fronting in IPC that can be corrected by 
operating at a higher column temperature [60]. Conversely, the separation of 
the sample of Fig. 7.19a is best carried out at a lower 


temperature. 
slightly different mobile-phase conditions (39% ACN and 25 mM potassium 
acetate with 27 mM octane sulfonate), the last two bands in the chromatogram 


are X 
of X3 and propyl paraben using different temperatures; 28°C is the best 
temperature for this separation. The reason for this peculiar, peak- -shape 


~~~ behaviorisunclłear, but it may be related to the 
in the mobile phase for some experimental IPC conditions. In any case, when 
poor peak shape and/or low plate numbers are encountered in IPC, it is 


recommended to investigate the effect of temperature on band shape. Usually, 
either a lower or higher temperature will improve peak shape and plate 
number. 


7.4.6 Summary 


Initial experiments should be carried out without ion pairing (RPC conditions). 
Because of the added complexity and potential problems in the use of IPC, 
an ion-pair reagent should be added only to achieve specific objectives (e.g.. 


better control over either retention range or band spacing). Whether or not an 
ion-pair reagent is added to the mobile phase, method development proceeds 
initially in similar fashion. 


sTEP 1. The initial separation (gradient elution preferred) is the same as for 


step of reversed-phase-method -developmentSection 7.3.4 and Fig. 7.7} 


STEP 2. Use the initial gradient chromatogram to determine whether isocratic 


elution is possible (see Fig. 9-6). Ifi i ion is possible, estimate the 
best % B for isocratic separation (see Fig. 9.7). If isocratic elution is not 
recommended, go to step 2a. 
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FIGURE 7.20 Effect of temperature on band shape in ion-pair chromatography. 
Separation as in Fig. 7.19a except for temperature and other conditions: 25 x 


46-C Tbax SB-C8 c 3 acetonitrile—buffer; T is aq 
potassium acetate (pH 3.5) with 27 mM octane sulfonate; 2 mL/min. (Unpublished 
data from the laboratory of LC Resources, McMinnville, Oregon.) 


sTEP 2a. If isocratic separation is desired but not possible for the conditions 


of step t; two options are possible: a change in pH and/or the addition of an 


ion-pair reagent. The use of IPC requires the selection of an appropriate 
reagent; see Fig. 7.13 and the related discussion. 


step 3. Adjust % b for 0.5 < k < 20; fine-tune % B for improved selectivity 
and resolution. 


STEP 4. Change solvent to acn and adjust % b for further improvement of 
selectivity and resolution. 
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STEPS 5 AND 5a. Vary ph and/or ion-pair reagent concentration for optimum 
band spacing. If the acid-base properties of each sample band are known, 


changes in pH or reagent concentration for desired changes in band spacing 
often can be predicted (as in the example of Fig. 7.8). An alternative is to 
explore a wide range of pH and reagent concentrations using the experimental 


scheme of Fig. 7.14. 


STEPS 6 TO 8. Other steps in IPC method development are the same as for 


RPC. See Fig. 7.7 and the discussion of this scheme in Section 7.3.4. A change 
in column type (step 7) for IPC is expected to be less useful than in RPC, 
because the sorbed ion-pair reagent tends to “hide” the stationary phase from 


sample molecules (see Fig. 7.9 and related discussion). 


7.5 1ON-EXCHANGE CHROMATOGRAPHY 


in 1968, ion- skchahge chomaroeapy (IEC) was an Sanayi HPLC 
method [61]. During the next decade, however, its application for the 


of-most-sample-types-gradually-diminished-compared-to—other 


HPLC methods. Today it is used infrequently, except for certain “special” 
samples. These include mixtures of biological origin (amino acids, oligonucle- 


Otides, peptides, proteins, nucleic acids), inorganic salts, and some organo- 
metallics. 
Because of the similarity of ion-exchange and ion-pair HPLC retention 


(see below), many separations that are possible using IEC can also be 
achieved using IPC. For the separation of typical small-molecule samples, 
IPC may have certain advantages: higher column efficiencies, easier control 


over selectivity and resolution, and more stable and reproducible columns. 
Apart from the case of biological samples (Chapter 11), reasons for 
using ion-exchange instead of reversed-phase or ion-pair HPLC include 


the following. 


detectors (Chapter 3). The technique of ion chromatography [62] with conduc- 
tivity detection has overcome this problem to a large extent and is one of the 


reasons_for_the 


Organic ions with poor UV absorptivity are also candidates for this approach 
(e.g., alkyl amines or sulfonates). Similarly, the use of a mass spectrometer 


chromatography with a volatile buffer meets this requirement, whereas most 
ion-pair reagents are not sufficiently volatile. 


Preparative Separations. Once a compound has been isolated or purified by 
HPLC separation, it is necessary to remove the mobile phase. This is most 
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easily done if the mobile phase is completely volatile. Normally, the use of 
ion-pair reagents in preparative HPLC is avoided because of their relative 


non-volatility, while volatile buffers for ion exchange are available (e.g., triflu- 
oroacetic acid, formic acid, or acetic acid; ammonium carbonate, formate, or 
acetate). If it is necessary to use IPC for sample purification and recovery, 


the ion-pair reagent can be removed from sample fractions by a subsequent 
ion-exchange separation (use an anion-exchange column for anionic reagents 
and a cation-exchange column for cationic reagents). 


Multi-step Separation. To resolve very complex samples, it may be necessary 


in some cases (Section 4.6) to use two or more sequential, on-line separations. 


Most commonly an initial low-resolution separation is combined with a subse- 
quent HPLC run, but two sie ote Separations in series are also possible (Section 
4.6)In-either-case,the 


must not interfere with the following separation le. 2., the earlier mobile phase 
must not behave as a strong solvent in the second separation). The aqueous 


buffer-salt-mobile-phase-used-for-ion-exchange-will normally—allow-direct 
injection of sample fractions onto a reversed-phase column used to separate 
these fractions further. The reason is that aqueous buffers are very weak 


solvents for reversed-phase separation. 


7,5.1— Basis_of Retention 
Columns used for ion exchange are characterized by the presence of charged 
groups covalently attached to the stationary phase: anion-exchange columns 


carry a positive charge (usually a quaternary ammonium or amine group) and 
cation-exchange columns carry a negative charge (sulfonate or carboxylate 
groups). Cation-exchange columns are used for the separation of cations such 


as protonated bases, and anion-exchange columns are used for anionic or 
acidic samples. 


Z i or R* (anion 


exchanger), and the sample by X* (cation) or X` (anion), retention in IEC 
can be represented as follows: 


Xt +R Kt e X'R + K* (cation exchange) (7.4) 


xX + R CE eX Rt + EF (anion exchange} (7:5) 


Here it is assumed that the counterion in the mobile phase is either K* or 


CI, and the sample ion is univalent. 
The effect of the counterion concentration on retention can be generalized 
for a sample ion of charge z and a univalent counterion as 


constant 


= 7.6 
(counterion concentration)* vb 
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Thus an increase in salt or buffer concentration in IEC results in decreased 
retention, and the effect is greater for more highly charged sample compounds 


(z > 1). The ionic stren e mobile phase is n y varied to contro 
sample retention for 0.5 < k < 20, and selectivity will also be affected for 
any two compounds of differing charge (Eq. 7.6). 


7.5.1.1 pH Effects. IEC is typically used for acidic or basic samples. Since 
retention (Eqs. 7.4 and 7.5) requires that the sample molecule carry a charge 


opposite to that on the column, only the ionized form of the acid or base will 
be retained cael The discussion of Section 7.2 allows the effects a 


in pH leads to greater ampie ionization and 1 retention in anion- exchange 
TET of acids, while a decrease in pH fayors an retention of bases by 


a pietened way to o change selectivity in a eachas Separations: 


7.5.1.2 Salt or Buffer Type. Different mobile-phase anions or cations are 
retained more or less strongly in ion exchange, and sometimes a particular 
salt is selected to provide stronger or weaker retention. Therefore, we can 


speak of strong or weak ionic displacers or counterions; a strong displacer 
reduces sample retention more than the same concentration of a weak dis- 
placer. In general, more highly charged displacers are stronger. The relative 


strength of different displacers in anion-exchange chromatography is 


F-(weak)-<-OQH-<_acetate—<_C]- < SCN-< Br < CrO; < NO; 


<I> < oxalate? < SO} < citrate?“ (strong) 


Lit (weak) < H* < Nat < NHj < K* < Rb* < Cs* < Ag+ 


< Mg” < Zn” < Co** < Cu™< Cd?* < Ni?* < Ca” 
< Pb?* < Ba” (strong) 


A change in the salt used for ion-exchange chromatography can also affect 
selectivity; see Section 11.2.2 for the ion-exchange separation of protein 
samples. 


7.5.1.3 Organic Solvents. The addition of an organic solvent to the mobile 


phase-results-in-decreased-retention, just-as-in the-case-of reversed-phase 
HPLC. Solvents such as methanol or acetonitrile are also often used in ion 
exchange to create changes in selectivity. 


7.5.1.4 Column Type. Four kinds of ion-exchange column can be distin- 
guished: weak and strong cation exchangers (WCX and SCX, respectively) 
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and weak and strong anion exchangers (WAX and SAX, respectively). 
Strong ion exchangers carry ionic groups whose ionization does not change 


over the usual pH range (2 < pH < 12) fe.g., —SO3 groups for cation 
exchange and —N(CH3)§ groups for anion exchange]. Weak ion exchangers 
lose their charge and sample retention for certain pH ranges (e.g., ~-COO~ 


groups for cation exchange show a progressive loss in charge for pH < 
5). Most applications of ion-exchange chromatography (except the separation 
of biological samples) make use of strong ion exchangers. Weak ion- 


exchange columns can be used as a means of changing selectivity or for 
reduced retention. 


7.5.2 Method Development 


The-column-selected_ must be matched to the sample components to be sepa- 


rated. For acidic or anionic compounds, use a strong anion-exchange column. 
For basic or cationic compounds, use a strong cation-exchange column. The 


—————————~simultaneous separation of sample-anions-and-cations by-ion exchange is 
usually not attempted. Next, select an aqueous buffer that enables the ioniza- 
tion of sample compounds. Typically, pH > 6 is used for anion exchange and 


pH < 6is used for cation exchange. If the pK, values of the sample are known, 
pH > pK, for anion exchange and pH < pK, for cation exchange. The buffer 
concentration should be relatively low [e.g., 2 to 5 mM to avoid competition 


with the retention of sample ions (Eqs. 7.4 and 7.5)]. 
A B-solvent is selected next, typically the buffer plus 0.5 to 1.0 potassium 
sulfate or other salt (avoid using halides at pH < 4 with stainless-steel equip- 


ment). A 0 to 100% B gradient is used to determine the relative retention 
range of the sample, the applicability of isocratic separation, and the best 


% B for isocratic separation (similar to the discussion of Section 8.2.2 for 


RPC). For samples that do not elute under these conditions or that require 
> N mM fan in the mobile P there: are several alternatives: (1) increase 


Una in a reduced ieee on te column. 
Once adequate retention has been achieved for isocratic elution (0.5 < k 


< 26), selectivity-can-be changed by varying % Bor pH, the type of salt-used 
in the mobile phase, or addition of small amounts (< 25%) of methanol or 
isopropanol. Recent work [63,64] suggests that mobile phases containing 


> 60% methanol may be well suited to the cation-exchange separation of 
strongly basic and quaternary-ammonium compounds. For a further discussion 
of ion-exchange chromatography, see Refs. 65 and 66. 


7.5.3 Mixed-Mode Separations 


Mixed-mode separation refers to the use of columns that take advantage of 
more than one retention process. The most common example is a column 
that can exhibit both reversed-phase and ion-exchange behavior [67-69]. Com- 


7.5 ION-EXCHANGE CHROMATOGRAPHY 345 


pounds with a charge opposite to that of the column are retained predomi- 
nantly by ion exchange, and an increase in mobile-phase ionic strength will 


reduce—their retention Neutraeompounds-are retained-predominanth-by 
hydrophobic attraction, although more weakly than by typical reversed-phase 
columns. An increase in organic-solvent concentration (% B) will result in 


the : 
in the mobile phase, the retention of both ionic and neutral compounds can 
increase with ionic strength [70], due to a “salting-out” effect similar to hydro- 


phobic interaction chromatography (Section 11.2.3). This will occur at lower 
salt concentrations for columns having more hydrophobic or reversed-phase 
behavior. 


There are two main reasons for the use of mixed-mode columns. First, a 
single column can be used for both ion-exchange and reversed-phase separa- 
tions, similar to the use of a cyano column for both reversed-phase and normal- 


phase applications. Second, mixed-mode columns offer a unique selectivity; 


ce] 2 4 6 
Retention time (min) 


FIGURE 7.21 Separation of basic compounds on bare silica by ion exchange. Sam- 
ple: 1, phendimetrazine; 2, phenylpropanolamine; 3, phentermine; 4, amphetamine; 5, 
morphine; 6, ephedrine; 7, methylamphetamine. Conditions: 25  0.5-cm columns of 


Hypersil (a), Spherisorb SSW (b), Nucleosil 50-5 (c), and Zorbax BP-SIL (d ); mobile 
phase is 90% methanol-ammonium nitrate pH 10.1; 2.0 mL/min; ambient. (Reprinted 
with permission from Ref. 71.) 
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one example is the clean separation of monoclonal antibodies from other 
Po in pel culture samples 169]. So far, mixed-mode columns have been 


interest (Chapter 11). Greater calomnie calam variability ¢ can be expected: 
due to the more complicated reactions required for the production of mixed- 


mode columns. 


7.5.4 Silica Columns 


A less common but interesting form of IEC is carried out with “bare” silica 


_________ columns [71-73] for the separation of strongly basic compounds (pK, > 8). 
The mobile phase consists of 90% methanol/(ammonium nitrate buffer, pH 9 
to 10), and retention is adjusted by varying ionic strength and/or pH. It is 


claimed that column efficiency Nis comparable to the _best-values obtained 
by reversed-phase separations (Table 5.9), and columns are stable for about 
2000 injections at pH 9 [74]. 


An example of these separations for a mixture -of seven strongly basic 
compounds is shown in Fig. 7.21 using four different silica columns. The 
separations of Fig. 7.21 on bare silica show only minor differences in 


retention for four very different columns (Hypersil, A; Spherisorb, B; 
Nucleosil, C; and Zorbax, D). The efficiency of the Spherisorb column (B) 
is somewhat greater than for the other columns, and this column has been 


used for most of the published applications of IEC with bare silica. 
Compounds that can chelate with metals may exhibit tailing, but this can 
be corrected by washing the column with EDTA [75]. 
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8.1 INTRODUCTION 


As described in earlier chapters, isocratic separation uses the same mobile- 
phase composition throughout the separation (e.g., 50% methanol—water). In 
gradient elution, the composition of the mobile phase changes during the run 


(e.g., from 5 to 100% methanol-water). Binary-solvent mobile phases A and 
B generally are used in gradient elution, with the concentration of the strong 


of Fig. 8.1, which show gradients of various shapes. Linear gradients are used 
most often and will be assumed here unless stated otherwise. The examples 


of Fig. 8.1 show-a-change-in-mobile-phase-composition from-0-to 100%-B_in 
20 min (5%/min for the linear plot gradient). 
Gradient elution is required for many samples and preferred for others. 


laboratories. Some of the reasons for preferring isocratic elution are as follows: 


- Gradient equipment is not available in some laboratories. 


* Gradient elution is more complicated, appearing to make both method 
A rae jifficul 


- Gradient elution cannot be used with some HPLC detectors (e.g., refrac- 
tive index detectors). 


- Gradient runs take longer, because of the need for column equilibration 
after each run. 
: Gradient methods do not always transfer well, because differences in 


equipment can cause changes in separation. 
” Baseline problems are more common with gradient elution, and solvents 


must_be_of higher purity. 
° The use of certain column/mobile phase combinations is not recom- 
mended for gradient elution. 
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time (min) 
FIGURE 8.1 Various gradient shapes. 


While the advantages and disadvantages of gradient elution must be 


weighed for each application, many separations are only possible using gradi- 
ent elution. In this chapter we will see that separations by gradient elution 


are_actually 
development and routine applications of gradient elution are not much more 
difficult than for isocratic separation. In Section 8.5 we examine some of the 


gradient-elution_problems-noted_above-and-show-how-they—can_be-aveided 
or minimized. 
The following discussion is oriented mainly to reversed-phase conditions, 


but the use of gradient elution for other HPEC methods is governed by the 
same principles. Our present detailed and comprehensive understanding of 
gradient elution now permits accurate predictions of separation from a few 


initial experimental measurements ({1,2] and Section 10.2.2). For a thorough 
discussion of the principles of gradient elution, see Refs. 3-5. 


8.2 APPLICATIONS OF GRADIENT ELUTION 


The use of gradient elution for routine application is suggested for the follow- 
ing kinds of samples: 
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- Samples with a wide k range (i.e., where no isocratic conditions result in 
0.5 < k < 20 for all bands of interest). 


a 


1000 and especially, samples of biological origin (see Chapter 11)]. 
- Samples containing late-eluting interferences that can either foul the 


column or overlap subsequent chromatograms. 
: Dilute solutions of the sample dissolved in a weak solvent (e.g., aqueous 


sample solutions for injection onto a reversed-phase column). 


In addition, an initial gradient elution run is often the best starting point 


for HPLC method development, even where a_final isocratic method may 
be possible. 


8.2.1 Gradient Elution for Routine Analysis 


8.2.1.1 Sample Retention Range. The usual reason for choosing gradient 


elution is that the sample has a wide retention range. This is illustrated in 
Fig. 8.2 for the separation of a mixture of dialkylphthalates. This homologous 
mixture consists of dimethyl (1), methyl ethyl! (2), diethyl (3) through di-n- 


pentyl (9) phthalates, separated on a Cg column with different acetonitrile- 
water mobile phases. Isocratic separation with 50% B gives good resolution 


(Fig. 8.2a; R, = 1.5 for critical band pair 1/2, but the run time is long (70 min); 


also, later bands (8 and 9) are broad and marginally detectable. A stronger 
mobile phase (65 or 80% B; Fig. 8.2b and c) gives shorter run times, and bands 
8 and 9 are now i itati 


the resolution of early bands 1 to 4 is much poorer (R, < 0.8 for the critical 
band pair). No isocratic conditions result in adequate separation of this sample, 


because early bands require a- weaker mobile phase (e-g., 50% B), andtater 
bands are best separated with a stronger mobile phase (80% B). 
This same sample is well separated using gradient elution (Fig. 8.2d ): 20 


to 100% B in 10 min. Now all bands are well resolved (R, = 1.5 for the critical 
band pair 1/2, the run time is only 11 min, and all bands are eluted with 
narrow bandwidths for easy detection and accurate quantitation. Gradient 


elution is obviously a better choice for this and other samples with a wide 
retention range. An additional reason for using gradient elution is that late- 
eluting bands with k > 20 often exhibit tailing under isocratic conditions, as 


illustrated in Fig. 8.3a for the ion-exchange separation of a mixture of carbox- 
ylic acids. Gradient elution for this same sample (Fig. 8.35) provides narrow, 
well-shaped bands at the end of the chromatogram, as well as improved 


separation of early bands. However, it should be noted that gradient elution 
does not solve all band-tailing problems. 


8.2.1.2 High-Molecular-Weight Sample Components. Samples of this kind 
(peptides, proteins, synthetic polymers, etc.) are generally better separated 


1+2 


20-100% B in 10 min (8%/min) 


1 2 3 


(d) 
FIGURE 8.2 Separation of dialkylphthalate homologs by reversed-phase HPLC. 


Sample bands are C, (dimethyl, No. 1) through Cio (di-n-pentyl, No. 9); 25 x 0.46-cm, 
5-um Cg column; acetonitrile (B)—water mobile phases; 2 mL/min; 60°C. [These chro- 
matograms are computer simulations derived from data in Ref. 6 (the accuracy of these 


computer simulations has been demonstrated in numerous examples; see, e.g., [T])-] 
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6-7 


50 min. 


25 min. 
(b) 


chromatography. (a) Isocratic separation with 0.055 M sodium nitrate in the aqueous 
mobile phase; (b) gradient elution with sodium nitrate varying from 0.01 to 0.10 M. 


—_———— Reprinted -with permission from Ref-7,) 
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by gradient elution, especially when reversed-phase conditions are used. The 
isocratic retention of Sach samples is often Lr sensitive to small changes 


within iat limits <8. 9]. For ee. the ‘sciatic RPC separation of 
carbonic anhydrase (a protein with a molecular weight of 29,000 Da) with 


—_proparrol=water mobile phases exhibits a +20% change in retention time for 
a variation of only +0.1% B (Table VIII of Ref. 10). The HPLC separation 


of large biomolecules also often results in much better peak shapes when 


gradient elution is used instead of isocratic conditions. 


8.2.1.3 Late Eluters. Some samples are well separated by isocratic elution 


(0.5 < k < 20 for bands of interest) but contain late-eluting interferences 
that either contaminate the column or interfere with subsequent separations. 
Figure 8.4a shows an isocratic separation where the quantitation of a single 


compound (shaded band labeled EP) is desired, but where later interference 
bands continue to elute indefinitely. Gradient elution would solve this problem 
by effecting the rapid elution of these later bands before injection of the next 


sample. Figure 8.4b shows the gradient separation of a wood-pulp extract for 
the determination of anthraquinone. A broad well-retained band (arrow) did 
not-elute_under_isocratic_conditions._The initial _use_of isocratic_elution_for 


these samples resulted in a rapid loss of column activity and inadequate 
separation, due to the buildup of strongly retained compounds on the column. 


Gradient elution (in płace of isocratic separation) achieved the removat of 
strongly retained material in each run, thereby solving this problem. 


8.2.1.4 Maximizing Detection Sensitivity. Detection sensitivity can be im- 
proved in isocratic separation by increasing % B so as to reduce k and band 
width (Eq. 2.15). There is often a limit to this approach, however, because 


of interference peaks and baseline disturbances near fo. In gradient elution, 
however, it is often possible to use steep gradients to achieve the same advan- 
tages of isocratic separation with small k (k < 2), without interferences of 


the kind encountered in isocratic elution (see Fig. 8.5a and b, first peak 
labeled with an asterisk). A further advantage of gradient elution for enhanced 
detection is that sample bands are about two-fold narrower (and peak heights 


are two-fold greater) than in corresponding separations (k = k*) by isocratic 
elution [5]. 


8.2.1.5 Dilute Sample Solutions. For dilute samples dissolved in a weak 
solvent, gradient elution allows the injection of a large sample volume without 


any-adverse-effect-on_band-broadening._Under these-conditions, the-sample 
undergoes on-column concentration at the column inlet during its injection, 
and relatively large sample volumes (e.g., 1 to 10 mL) are then possible. 


A similar on-column 
However, due to the mixing of sample with mobile phase during injection, 
more band broadening due to the sample volume is typically observed in 
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UV 280 NM 
0.04 AUFS 


ANTHRAQUINONE 


minutes 


(6) 


FIGURE 8.4 Samples with late eluters are good candidates for gradient elution. 


(a) Isocratic reversed-phase analysis of plasma extract for drug EP. (Reprinted with 
permission from Ref. 11.) (b) Analysis of antraquinone in wood-pulp extract by 
reversed-phase gradient elution. (Reprinted with permission from Ref. 12.) 


isocratic elution than in gradient elution (where the sample mixes during 


——————— injection withthe weaker A_solvent_rather_than_the stronger_isocratic-mo- 


bile phase). 
Gradient elution is not applicable to every situation. The use of strongly 


~~~ retained additives in the mobile phase (e.g, amine modifiers, hydrophobic 
ion-pair reagents) complicates gradient elution, because column regeneration 
can be slow and separation can be less reproducible. Normal-phase separation 
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FIGURE 8.5 Separation of hypothetical sample by initial isocratic or gradient runs. 
Minor early- and late-eluting bands indicated by an asterisk; computer simulations. 


on columns of non-bonded silica are subject to similar problems, because of 


the very strong retention of many polar solvents (e.g., propanol with silica as 
column packing); see “solvent demixing” in Section 6.8.4.1. 


8.2.1.6 Alternatives to Gradient Elution, In some cases, an isocratic method 
may be preferred, even though the sample retention range is wider than 


0.5< k< 20, The retention range can sometimes be reduced by using a more 


polar reversed-phase column (e.g., cyano). Polar, less retained compounds 
tend to interact more strongly with a more polar stationary phase, while non- 


polar compounds interact less strongly. Figure 6.11 provides an example of 
this behavior. Other studies suggest that the use of THF as strong solvent 
also tends to reduce the retention range relative to mobile phases that contain 


methanol or acetonitrile. Column switching (Section 4.6) is also a convenient 
alternative to gradient elution for some samples [13]. 
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8.2.2 Gradient Elution for Method Development 


When starting HPLC method development for a sample whose composition 


is undefined, there are several advantages to an initial gradient run, even 
when the final separation is to be carried out isocratically: 


1. An initial gradient elution separation provides an estimate of the approx- 
imate retention range of the sample; this allows a choice between iso- 
cratic and gradient elution for subsequent experiments. Samples that 


are unsuitable for reversed-phase HPLC because of very weak or strong 
retention are also recognizable from this first gradient run (see Fig. 9.1c 


and -d-and related _diseussion). 
2. If isocratic elution is the better choice, the initial gradient run allows an 
estimate of the best % B value for the next experiment. If gradient 


elution is preferred, the initial run allows an estimate of the best inifial 
and final values of % B for the next gradient run; see Fig. 8.6, Tables 
8.1 to 8.3, and the related discussion below. 


3. An initial gradient elution run can provide a better, faster separation 
of the total sample (vs. isocratic separation), thereby advancing method 


development substantially (Fig. 8.3); the more peaks that can be sepa- 


rated in a starting run, the better. 
4. An initial gradient run is less likely to overlook low-concentration com- 


separations of Fig. 8.5, where the analyte peaks labeled with an asterisk 
are more likely to be missed in the isocratic run. 


The use of an initial gradient experiment to guide further HPLC method 
development is described in Ref. 14 and illustrated in Fig. 8.6a. A standard 


set of conditions is preferred: 15 Xx 0.46-cm column, gradient from 5 to 
100% acetonitrile in a gradient time tg = 60 min, 2 mL/min (however, 
other column lengths, solvents, and flow rates are allowable). If most of 


the sample bands cluster near to in this first run, the sample is too hydrophilic 
for reversed-phase separation. If no sample bands are observed in the 


___——Cs chromatogram, either the detector response is poor (see Chapter 3) or the 
sample is too hydrophobic for reversed-phase separation. In either case, 
another approach is indicated; see the examples and discussion of Fig. 9.1c 


8.2.2.1 socratice or Ta A a ee as in Fig. 8.6a, 


here ei eendof 
the stadiont a fi that revered: chase HPLC i is suitable for the e anple in 
question. The next step is to determine whether gradient or isocratic elution 


is preferable. This can be determined by noting the retention times for the 
first and last bands in the chromatogram (tp, and fr, in Fig. 8.6a). If we define 
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(6) 


FIGURE 8.6 Use of an initial gradient run in HPLC method development. Substi- 
tuted aniline sample [14,15]; conditions: 15 X 0.46-cm column; 2.0 mL/min; 35°C. 


(a) 5 to 100% acetonitrile-water gradient in 60 min; (b) isocratic separation with 
37% acetonitrile—water. See the text for details. 


the retention time difference Ate = tr, — tra, the ratio Atg/tg determines 
whether isocratic separation of the sample will be feasible. The maximum 


allowable k range is 0.5 < k < 20, in which case Atg/tg should be less than 
0.40. That is, the retention range of the sample should be less than 40% of 
the gradient time. Table 8.1 provides a convenient (and more accurate) sum- 


mary of allowable values of tr, (for isocratic elution) based on an observed 
value of tra. In Fig. 8.6a, the retention times of the first and last peaks are 9.5 
and 24.5 min, respectively (Atg/tg = 0.25). From Table 8.1 and a retention 


time of 9.5 min for the first band, isocratic retention is possible as long as the 
retention time for the last band is less than 32 min. This is the case for the 
sample of Fig. 8.6a (isocratic elution is possible). 
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TABLE 8.1 Determining Whether Isocratic 
Separation is Possible, Based on an Initial 
Gradient Run’ 


Allowable Values of tp, for k 
Range Indicated (min)? 


fra (min)? 1<k<10 0.5 < k < 20 
<15 £ € 
2 8 17 
3 12 21 
4 14 24 
5 16 26 
7 19 29 
10 23 33 
15 29 38 
20 35 44 
25 40 49 
30 45 54 
35 50 59 
40 55 64 
> 40 d d 

Uncertainty’ __+3 min +5 min 


Source: Refs. 14 and 15. 
* See Fig. 8.6a. Conditions: 15 Xx 0.46-cm column, 5 to 100% 


ACN-=water gradient in 60 min, 2 mL/min, these conditions 
are recommended whenever it is not certain that gradient 
elution will be required. 

>t. = retention time of first peak in separation 


trz = retention time of last peak in separation 

€ Sample may not be sufficiently retained for reversed-phase 
separation; see Section 9.2.2.3. 

d mole rr he retained tan 


ration; see Section 9.2.2.3. 
€ Estimated uncertainty in these values. 


Even though isocratic elution may be feasible (because 0.5 < k < 20), it will 
sometimes be desirable to use gradient elution instead. In Section 6.3.1 we 


pointed out that a change in % B (equivalent to a change in k) can result in useful 
changes in selectivity, which for some samples may be the easiest way to achieve 


k/k, > 20, where k, and k, refer to isocratic k values for the first band a and the 
last band z), even small changes in % B will result in some bands falling outside 


the range 0.5 < k < 20. This means that 
very much by a change in % B because the allowable change in % B is limited. 
he use or aces instead Ma isocratic elution i in hiss situation as a ei in 


instead iof % B Seeions 8.3. 2).¢ Gradient elution ior this ey (hange i ink 
and selectivity) is recommended whenever Atp/tg > 0.15. 
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TABLE 8.2 Estimation of % B (ACN) for the First Isocratic Run, Based on the 
Retention Time tz, of the Last Peak in the Gradient Run“ 


(% B)esı to Give Indicated k for Last Band in 
Isocratic Run 


tr; (min) k= 5 k= 10 k= 20 

5 6 0 — 
10 19 12 5 
T5 29 22 t4 
20 37 30 22 
25 45 38 30 
30 53 46 38 
35 61 54 46 
40 69 62 54 
45 FF 70 62 
50 85 78 70 
55 93 86 78 
60 100 94 86 
65 — 100 94 


Source: Refs. 14 and 15. 


a Required conditions: 15 Xx 0.46-cm column, 5 to 100% ACN in 60 min, 2 mL/min. 


8.2.2.2 Estimating the Best Isocratic Conditions. If the test of Fig. 8.6a 
suggests isocratic conditions, the best value of % B for the next (isocratic) 


experiment can be determined from Table 8.2. The retention time tgr; for 
the last band in the gradient separation is used to estimate a % B value 


that will provide a desired value of k for the last band in the isocratic 
separation of the sample. In the example of Fig. 8.6a, tp, = 24 min. From 
Table 8.2, for a 15 x 0.46-cm column, a flow rate of 2 mL/min, and a 


time—of 60 min, the_predicted_mobile-phase_composition_is 37% 
B for k = 10 for the last band. Figure 8.65 shows the resulting isocratic 
separation of this sample (37% B). As expected, the k range for this 


separation is acceptable (2< k <40): 


8.2.2.3 Estimating the Best Gradient Conditions. If the test of Table 8.1 


suggests that gradient conditions are more appropriate for the sample, we can 
estimate the best values of initial and final % B from Table 8.3 for a sample 
— ~ molecular_weight-below2000-Da—As_an-example,for_a_sample—molecular 


weight below 2000 Da, assume that the retention time tpg for the first band is 
10 min and for the last band 40 min. From Table 8.3 the recommended initial 


% B= 11% and the finat % B = 68%. When the finat 
oe been selected, these % B values should be adjusted further as described 
in Section 8.4.1. 
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TABLE 8.3 Estimation of Initial and Final % B 
for Gradient Elution, Based on Retention Time fz 


Gradient Run? 


tra OF tr? (min) Initial % B Final % B®“ 

5 3 14 
10 11 22 
15 19 30 
20 27 38 
25 35 46 
30 43 54 
35 St 60 
40 59 68 
45 67 76 
50 75 84 
55 83 100 
607 ae a 


Source: Refs. 14 and 15. 
“See Fig. 8.6. Required conditions: 15 x 0.46-cm column, 5 


to 100% ACN in 60 min, 2 mL/min. 
P ae initial% B \ | 
z (for final % B). 


€ For steeper gradients, % B (final) must be increased (by as 
much as 35%). 


d Normal-phase or non-aqueous reversed-phase HPLC may 
be required (Section 9.2.2.3). 
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In gradient elution, mobile-phase strength (% B) increases during the 


separation. This means that sample retention as measured by k decreases 
for each band as it migrates through the column. This situation is illustrated 
by the hypothetical piots of Fig. 8.7. It is assumed that band X is the first 


sample band to elute, and band Z is the last band. Consider the behavior 
of band X first. The solid curve marked “X” represents the fractional 
ion of this band from the column inlet (0.0) to the column outlet 


(1.0). At the beginning of the separation, % B is low and k for band X 
is large. Therefore, band X initially remains close to the column inlet (little 
or nomigration}After sometime, however, the-nereasein-%-B-results 


in a k value for band X that is small enough (k < 10) to allow it to start 
moving through the column. The dashed curve marked “k (X)” in Fig. 


8.7 represents the value -ofk for- band- X-at-different-times-during the 
separation. As time increases, k for band X continues to decrease and X 
migrates faster and faster. Eventually, at the band retention time ¢,, X 


outlet, o 


BAND MIGRATION 


time 


FIGURE 8.7 Band migrati i i ion. Uppe 7 Soli 
migration; dashed curve, instantaneous value of k. See the text for details. 
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reaches the outlet of the column and appears in the detector to be recorded 
as a peak in the chromatogram. 


Fhe-vahre-of k for-each_band_in_isocratic_elution_is_quite important ia 
understanding and controlling HPLC separation. In gradient elution, k is 
equally important. But what is the k value for X in Fig. 8.7? Simple theory 


{3} provides the answer: the effective value of k in gradient elution is equal 
to k for the band when it has migrated halfway through the column. This is 
illustrated for band X in Fig. 8.7 by the upper dotted line, which in this case 


indicates a value of about k = 2 (lower dotted line) at the time the band has 
migrated halfway through the column. This average value of k in gradient 
elution, defined as k*, determines sample resolution and bandwidth, just as 


in isocratic separation (see Eqs. 2.3 and 2.15). 
In Fig. 8.7 it can be seen that the last band, Z, remains at the column inlet 


for-atonger time, but eventually the mobile phase- becomes -strong enough 
for k < 10. Band Z then migrates through the column in similar fashion as 
for the first band, elutes at a retention time ¢,, and its effective k value (k*) 


is also equal to 2. Approximately constant values of k* for different bands 
are typical of reversed-phase separations carried out with linear gradients (as 
in Fig. 8.7). As a result, every band in a linear-gradient chromatogram will 


have a similar width, and sample resolution will not necessarily be poorer at 
the beginning of the chromatogram as is so often the case in isocratic separation 
(see Figs. 8.2 and 8.3). 


Each band in an isocratic separation is surrounded by the same mobile-phase 
composition (% B) during its passage through the column, and retention as 


measured by the capacity factor k does not change for a given band during 
separation. In gradient elution, the mobile phase surrounding a band changes 
during its elution through the column, as does the instantaneous value of k 


for the band. On the other hand, separated bands in an isocratic chromatogram 
will usually have quite different values of k, while in gradient elution the 


effective value of k (k*) for different bands will be about the same. 
When the average value of k* for two adjacent bands in gradient elution 
is the same as in isocratic separation (other conditions the same), the resolution 


of the two bands will be comparable for both isocratic and gradient separation. 
Values of k* in gradient elution can be estimated from experimental conditions 
[5]: gradient time tg (min), flow rate F (mL/min), column dead volume V,, 


(mL, Eq. 2.6), the difference between the initial and final % B values 
(A% B), and a property S of the sample compound (Eq. 6.1): 


. . 87 t6F 


~ Vi(A% B) S 4) 
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Equation 8.1 applies to bands that are not eluted early in the chromatogram 
(under isocratic or “‘semi-isocratic’”’ conditions). For any band, the value of k 


at elution is given by 


k 1 


~ (21k*) + (Ako) Sts} 


where k* is calculated from Eq. 8.1 and ko is the value of kat the beginning 
of the gradient. For samples with molecular weights of 100 to 500 Da, S ~ 4 
and Eq. 8.1 can be approximated by 


ye = —20toF 


T VA% B) o 


Values of S for larger molecules can vary from 10 to 100, suggesting the use 


of less steep values 


of %/min = A% B/tg) compensate for larger values of S in affecting k* (Eq. 
8.1); see further discussion in Section 11.2.1.1. 


a corrected gradient steepness parameter G,, where 
G, = Vaa% B) (8.2a) 
Fig 


which allows Eq. 8.2 to be rewritten as 


20 
* x, SO 
nE- (8.2b) 


s 


G, is a corrected gradient steepness measured by (%/min change in B) times 
(column dead volume divided by flow rate); it is also equal to the % B change 
per column volume of mobile phase. As long as the flow rate and column 


dimensions do not change, the usual measure of gradient steepness (%/min 
= A% B/tg) can be used to describe changes in separation as a result of change 


is varied is examined further in Section 8.4.3, which deals with the effect of 
column conditions (column length and flow rate) on separation. 


Any desired _value_of k*-can_be-selected_by_our-_choice_of experimental 
conditions. Gradient steepness is usually described in terms of %/min, so Eq. 
8.2 can also be expressed as 


FIV m 
%/min 


k* = 20 (8.3) 
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Note that as gradient steepness (%/min) decreases for the same column and 
flow rate, k* becomes larger. If it is known that gradient elution will be 
f : r ; : the initial 


since this represents a good compromise in terms of resolution R,, peak height 
for good detection, and run time (Section 2.3.1). 


Atarger-value- of k* (k* ~ 17) is chosen for the example of Fig 8.6a-(and 
Tables 8.1 and 8.2). A larger k* requires a longer run time (larger value 
of tg), other factors being equal, but provides somewhat increased overall 


T i 
[15], especially if isocratic separation is possible (0.5 < k < 20). 


8.3.2 Effect of Gradient Steepness 
values of k* 


should lead to the same effects as larger values of k: (1) resolution R, increasing 
initially as k* increases, then leveling off; (2) bands becoming broader with 


a corresponding reduction in peak height; and (3) longer run times. This is 
illustrated in Fig. 8.8 for the separation of a 15-component herbicide mixture, 
where gradient time increases from 5 to 100 min and k* increases from 0.7 


; 1%} 
min, the number of peaks that are clearly resolved increases from 9 to 14 to 
15. This increase in resolution as gradient steepness is reduced (or gradient 


time is increased) is counterbalanced by a decrease in peak height (due to 
wider bands) and an increase in run time, just as in isocratic elution when 
% B is decreased. These effects in gradient and isocratic elution are conve- 


niently compared as follows: 


- An increase in %/min (gradient) is analogous to an increase in % B (iso- 


cratic). 
+ An increase in gradient k* (Eq. 8.2 or 8.3) is analogous to an increase in 


isocratic k- 


Once the similarity of isocratic and gradient elution is appreciated, method 


development for gradient elution can be performed in almost the same way 
as for isocratic separation. Retention (k*) is optimized first, then selectivity 
(a) is varied as needed, and finally, column conditions (N) may be adjusted 


to improve the compromise between run time and resolution. This approach 
is examined in Section 8.4 (see also Section 9.5). 


8.3.3 Effect of Gradient Range 


the-initial-and final -%-B-of 
the gradient. An initial exploratory run can be carried out with a full-range 
gradient (i.e., 5 to 100% B). Some Cg or Cig columns are poorly wet by 
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O) 2 4 6 8 
Time (min) 
{a) 
0-100% B in 20 min 
§%/min 
k*=3 


10 20 
Time (min) 
(b) 
0-100% B in 100 min 
1%/min 
k*=14 


FIGURE 8.8 Gradient separation of a herbicide sample as a function of gradient 
time or steepness. Sample: mixture of nine phenylureas and six s-triazines. Conditions: 
25 X 0.46-cm, 10-um Cıs; methanol—water gradients as indicated; 1.7 mL/min; ambient 
temperature. (Computer simulations based on data reported in Ref. 17.). Arrows 


indicate last three bands in chromatogram. 
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organic-free water and/or require extensive column equilibration between 
runs (Section 8.5.2). Also, some workers have reported “dramatically reduced 


lifetimes” for columns that have been subjected to 100% water as mobile 
phase [16]. These problems can be minimized by beginning the gradient with 
5% B or higher; here “‘full-range gradients” will be understood as either 0 to 


100% B or 5 to 100% B. Full-range gradients usually waste time, so the initial 
and final % B values should be adjusted during method development. The 
example of Fig. 8.8 is used in Figs. 8.9 and 8.10 to illustrate the effect of 


gradient range on separation. 
Figure 8.9a shows a full-range separation of the herbicide sample for a 
r: interest has a retention time of 19 min 


(wasted time!), which means that the initial % B value should be increased. 
When the initial % B is increased to 40% B while maintaining the same 2%/ 
min gradient (Fig. 8.9b), the gradient time is reduced from 50min to 30min 


but there is little change in the chromatogram (apart from a decrease in 
retention time for all bands). The critical band pair in these chromatograms 


has-about-the-same_resolution-in the two runs: R; =H in Fig 89a and 10 


in Fig. 8.9b. 
When the initial mobile-phase composition is changed to 60% B (Fig. 8.9c, 


there is a noticeable toss in resolution (R, = 0.7 for the critical band pair) 


along with a general compression of the early part of the chromatogram. That 
is, an initial % B value of 60% is too large, despite the further shortening of 


gradient time to 20 min in this run. The final run of Fig. 8.9d (initial % B = 
50%) represents a reasonable compromise between resolution (R, = 0.9 and 
run time for this sample. Note in Fig. 8.9c that when the initial % B value is 


increased beyond a certain value, the spacing between bands in the early part 
of the chromatogram (and their resolution) is reduced, while the spacing of 
later bands remains the same. A sufficiently Jarge value of initial % B mainly 


affects early bands in the chromatogram; their k* values are decreased (Eq. 
8.1a for smaller ko), leading to narrower, less resolved bands. 


The separation of Fig. 8.94 can be considered to be optimized in terms of 


the initial % B value. However, the last band leaves the column at 18 min, 
before the gradient is completed at 27 min (arrow in Fig. 8.10a; same chromato- 
gram as in Fig. 8.9d ). Note that the gradient time is 25 min, but the gradient 


is “completed” at 27 min due to the effect of the extra time for the column 
dead volume (V,,,). The 9-min interval between the last band and the end of 


gradient is wasted; the gradient (and the separation) can be terminated 
at 18 min. This can be achieved by ending the gradient at 18 min (80% B) 
while maintaining gradient steepness at 2%/min; see Fig. 8.10b. This separation 


represents an optimum choice of both initial (50% B) and final (80% B) 
mobile-phase compositions. 
If the gradient is ended prematurely (before the last band leaves the col- 


umn), the usual effect is to increase the run time and to broaden later bands 
(with decreased detection sensitivity). This is illustrated in Fig. 8.10c and d 
for final % B values of 70 and 60%, respectively. Whereas the run of Fig. 


0-100% B in 50 min (2%/min) 
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FIGURE 8.10 Gradient separation of a herbicide sample as a function ot hnal movue- 


ig-8.8. 
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8.105 is finished in 18 min, at which time column equilibration for the next 
run can be begun, the runs of Fig. 8.10c and d require 26 and 70 min, respec- 


tively, for their completion. Clearly, ending the gradient before elution of the 
last sample band is undesirable. 


8.3.4 Effect of Gradient Shape 


exam- 


ples. Linear gradients are easier to optimize and should be used in the prelimi- 
nary stages of method development. However, non-linear gradients can pro- 
vide-a_modest improvement_in_separation for some-cases: 


1. Homologous or oligomeric samples, where resolution normally de- 


creases with increase in compound molecular weight and retention. 


2. Chromatograms that have regions with either a large number of overlap- 
ping bands or a small number of widely separated bands. 


3. Chromatograms where different regions exhibit optimum selectivity for 
gradients of differing steepness. 


Optimizing gradient shape may require several experiments, and the poten- 
tial advantage of a non-linear gradient is often marginal. The use of non- 


for 
the quick and convenient selection of the best conditions (Section 10.2.2). 


8.3.4.1 Homologous or Oligomeric Samples. The gradient separation of 
these samples often exhibits a decrease in band spacing for later sample 


components. This is illustrated in Fig. 8.11a for the separation of a polystyrene 
sample into its oligomers. While the dimer through tetramer bands are baseline 
separated, later bands are increasingly less well resolved. The use of a convex 


gradient in Fig. 8.115 shows a more even spacing of these sample bands. The 
steeper initial gradient causes a decrease in k* (Eq. 8.3) and a decrease in 
resolution and retention times, while the later less-steep gradient results in 
an-increase_in-k*_and_an_increase_in resolution_and relative _retention._The 


net result is a somewhat better overall separation in Fig. 8.115, in about the 
same run time. Curved gradients as in Fig. 8.11b tend to equalize the resolution 


of all bands for samples of this-kind. 
A further study of oligomeric samples as in Fig. 8.11 has been reported 
[18]. It was shown that segmented gradients (as in Fig. 8.1) are able to provide 


the same improvement in separation for samples of this kind as can be achieved 
by curved gradients. Only two gradient segments are required, and the steep- 
ness of each segment must be optimized for best results (second segment less 


steep). The choice of initial % B is also critical for a more even band spacing. 
The main advantage of segmented gradients is that they are easier to optimize 
in a systematic manner. For this and other applications of non-linear gradients, 


SAMPLE: 50 ul 5% Polystyrene 


600 MW in THF 


SOLVENT: 40% 22... 80% 


min 
THF in water 


Gradient Curve No.4, 
2 ml/min 


3.9 mm x 30 cm 


DETECTOR: Model 440, @ 254 nm 


5 10 15 2 25 30 


TIME (min) 


(a) (b) 


FIGURE 8.11 Separation of the oligomers of low-molecular-weight polystyrene by gradient 
elution. Conditions as shown in figure. (a) Linear gradient; (b) convex gradient. (Figure 


reprinted by permission of Waters Associates.) 


eLe 


374 GRADIENT ELUTION 


we recommend that segmented gradients be explored before trying curved gradi- 
ents. See Ref. 18 for further details. 


8.3.4.2 Chromatograms with Peak Bunching. This situation also suggests 
the use of nonlinear gradients as a means of equalizing sample resolution. 


That is, a steeper gradient can be used in that part of the chromatogram where 
bands are widely separated (to save time), and/or a flatter gradient can be 
used in parts of the chromatogram where peaks are closer together (to increase 


resolution). This is illustrated for the gradient separation of 22 peptides in 
Fig. 8.12. In Fig. 8.12@ the steepness of a linear gradient (0 to 47% B) has 


ss been adjusted to a value (0.63% B/min) 


and maximum resolution for critical band pairs 9/10, 11/12, and 14/15 (see 
Section 8.4.2). The resulting separation is adequate (R, = 1.3), but the run 
time-is somewhat long (75min). 


However, as seen in Fig. 8.12a, bands after band 15 (~48 min) are much 
better resolved, He sete that this ed of the isi ea can be EA viih 


with no jess in anple resolution (R, = 13) was achieved (Fig, 8. 12b) by 
maintaining the original optimized gradient until bands 1 to 15 were eluted, 


then increasing gradient steepness for the fast elution of the remainder of the 
sample. In this way, the run time was reduced to 53 min, for a 30% savings 
in time. The use of non-linear gradients for further controlling selectivity is 


illustrated in Fig. 8.13d (Section 8.4.2). 


8.4 DEVELOPING A GRADIENT SEPARATION 


Method-development for gradient-elution can-be-cearried-out-in the-same 
systematic way as for isocratic separation. Thus, the proven strategies devel- 
oped for isocratic method development can be used with equal advantage for 


gradient elution. The steps in gradient method development can be summa- 


rized as follows: 


1. Select initial conditions in the same way as for isocratic separation: 
column, mobile-phase composition, flow rate, temperature, and so on 
(Table 1.3); whereas isocratic method development might be initiated 


with a strong mobile phase (80 to 100% B), the first gradient run should 
use a wide gradient range (e.g., 5 to 100% B). The initial separation 


FIGURE 8.12 Gradient separations of a 22-component peptide sample (tryptic digest 


of r-human growth hormone). Conditions: 15 X 0.46-cm Cig column; acetonitrile—water 
gradients with 0.1% trifluoracetic acid; 40°C; 1.0 mL/min. (a) 0 to 47% B in 74 min; 
(b) 2:32:47% B in 0/48/56 min. (Reprinted with permission from Ref. 19.) 


375 


376 GRADIENT ELUTION 


should be optimized initially for k* (e.g., k* > 2; Eq. 8.2). This requires 
a gradient that is not too steep. 


2. The gradient range is next adjusted to minimize run time, by eliminating 
wasted space at the beginning and end of the chromatogram. 


3—If overlapping bands-are-observed_or-_the runtime istoo_tong,-vary_the 


selectivity (æ). 
4. (optional) Consider the use of a non-linear gradient shape as a means 


of further improving separation. 


5. When band spacing has been optimized, vary column conditions for 
improvement of resolution and/or run time. 


6. Determine the best protocol for column re-equilibration and investigate 
the effect of equipment differences on the separation (Section 8.5.1). 


8.4.1 Selecting Gradient Conditions 


Figures 8.8 to 8.10 illustrate the most important steps inthe selection of 
optimized gradient conditions. These experiments can be compared to the 
trial-and-error adjustment of % B in isocratic separation for the purpose of 


controlling k. 


8.4.1.1 Gradient Steepness. The initial selection of gradient steepness (as 


in Fig. 8.8) should be preceded by an estimate of experimental conditions 
that will provide k* > 2 for all sample bands (Eq. 8.2). If it is known that 
gradient elution will be used for the final method, k* ~ 5 is a good first choice. 


The column (and resulting value of V,,) and the flow rate will have been 
selected prior to carrying out the first gradient separation; a 15 x 0.46-cm, 


5-pm_ Cy or Cig column at 2 mL/min is a good choice. Usually a full-range 
gradient will be used for the first separation: [e.g., 5 to 100% B (A% B = 95)]. 
Therefore, the only variable in Eq. 8.2 that is not specified is gradient time 


tg (Eq. 8.2 assumes that S ~ 4). We can solve Eq. 8.2 for tg: 


tg © 252 (5~100% B) (8.4) 


For example, for a 15 x 0.46-cm column, Vm ~ 0.1 X 15 = 1.5 mL (Eq. 2.7). 


If the flow rate is 2 mL/min, the recommended value of tg is 25 X 1.5/2 = 19 min. 


8.4.1.2 Gradient Range. If an initial gradient run is carried out for the condi- 


tions of Table 8.2, (5 to 100% B in 60 min; 15 x 0.46-cm column; 2.0 mL/min; 
k* = 17), best values of initial and final % B can be estimated from Table 8.3. 
Alternatively, the use of a 20-min gradient (for k* ~ 5) can be followed by trial- 


and-error studies as in Figs. 8.9 and 8.10 to further optimize gradient range. If 
it is known that gradient elution will be required prior to an initial run, an initial 


20-min_gradient is recommended for small molecules (< 2000 Da). 
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8.4.1.3 Gradient Shape. The separation of Fig. 8.10b is roughly optimized 
for gradient range and steepness. At this point we should consider whether 


a non-linear_{i.e., segmented) gradient can improve the separation further. 
For this example, this does not appear to be the case. That is, no region of 
the chromatogram is especially crowded with bands while other regions are 


relatively empty. The resolution provided by this separation is marginal, how- 
ever; the next step in method development is to investigate conditions for an 
improved band spacing (which might be achieved with a segmented gradient; 


see Section 8.4.2.1). 


A change in selectivity or band spacing can be achieved in gradient elution 
same way as for isocratic separation [i.e., by changing k or k* (% B for 


isocratic elution; gradient steepness for gradient elution), solvent type, column 
type, pH, HPLC eerie emperaire, hone The choise A voa variable to 


PLC 


in Chapters 2, 6, and 1. Reversed:pliase gradient elution: is scainined here by 
way of illustration, but the extension of this approach to other HPLC methods 


In the reversed-phase separation of neutral samples, variables for changing 
selectivity can be prioritized as follows: mobile-phase strength (k*) first, then 


A (Csor Cis > cyano 
> phenyl), and finally, temperature. In the case of ionic samples, pH and temper- 
ature are important variables for controlling selectivity. Varying the concen- 


tration of an ion-pair reagent in gradient elution is also effective for varying 
selectivity in the separation of ionic samples. However, because of the slow 
equilibration of reagent uptake by the column during the gradient, ion-pair gra- 


dient elution should be avoided. The required equilibration volume for ion-pair 
gradient elution has been discussed [20]. This study suggests that 5 to 10 column 
volumes are adequate for less hydrophobic ion-pair reagents (e.g., C,-sulfonate 


or smaller); however, longer times are required for C)2-sulfonate. 


8.4.2.1 Gradient Steepness. Varying % B in isocratic separation causes k 


and @ to change. An equivalent effect (change of k* and a) can be achieved 
in gradient elution by varying gradient steepness | G, (Eq. 8.2). In isocratic 
elution,the—k 


control within fairly narrow limits. For example, if 2 < k < 10, k can be 
reduced by no more than a factor of 4 (k = 0.5) nor increased by more than 


a factor of 2 {k = 20). Thus k can be varied by at most a factor of 8 (4x 2) 
in this typical example. In the case of gradient elution, k* (which is roughly 
the same for all bands) can be changed from 0.5 to 20, or by a factor of 40. 


This means that much larger changes in œ and band spacing are possible in 
gradient elution by varying gradient steepness (or k*) than in isocratic separa- 
tion by varying % B (k). Furthermore, by the use of segmented gradients, k* 
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can be optimized for different parts of the chromatogram so as to maximize 
overall selectivity and resolution. Therefore, the control of band spacing by a 


change in k or k* can be a much more powerful tool in gradient elution than 
for isocratic separation. 
Some samples show major changes in band spacing as gradient steepness 


is varied, whereas other samples do not. The herbicide sample of Fig. 8.8 does 
not exhibit significant changes in selectivity as gradient steepness is varied. 
The 16-component polyaromatic hydrocarbon (PAH) sample of Fig. 8.13, on 


the other hand, provides a good example of changes in band spacing with 
gradient steepness. For a gradient time of 7 min (Fig. 8.13a, 8.6%/min), the 


critical band pair is 3/4 (indicated by an asterisk) with a resolution of R, = 
1.0. When the gradient time is increased to 20 min (Fig. 8.13, 3%/min), the 
resolution of band pair 3/4 increases (R, = 1.5), as might have been expected 


for a flatter gradient. However, now the critical band _pair is 14/15 (indicated 
by an asterisk) with R, = 0.9. Thus, bands 3 and 4 are best separated with a 
flatter gradient, while bands 14 and 15 prefer a steeper gradient. 


tm ; 
band pair (when conditions are changed) suggest that an intermediate condition 
will give the best overall separation (largest R, for the critical band pair). This 


is also the case for the gradient elution example of Fig. 8.13. An intermediate 
gradient time (12.5 min in Fig. 8.13c) gives a greater resolution for critical 
band pairs 3/4 and 14/15: R, = 1.4. This separation is clearly better than that 


of Fig. 8.13a or b. Many samples show changes in band spacing as gradient 
steepness is varied, similar to that of Fig. 8.13 [1,17-19,21,22]; analogous 
isocratic examples (Sections 6.3.1, 7.3.2.2, and 7.4.4.1) further support this 


conclusion. To conclude, a change in gradient steepness is often the most 
effective way to change selectivity i in gradient elution. It should be explored 


first, before other 
The two critical band pairs of Fig. 8.13 that occur early and late in the 
chromatogram Suggest the use D a emo’ ee for the eae onhan- 


tion of bands 3/4, while a ie steep gradient can be used to oprie ihe 
separation of bands 14/15. This is verified in the separation of Fig. 8.13d; a 


—_—————— further increase in resolution is obtained (R; = 17 vs+-4 in Fig. 8.13c)in- about 
the same run time. It is worth noting how much improvement in separation is 
possible between the run of Fig. 8.136 (R, = 0.9, run time 18 min) and that 


of Fig. 8.13d (R; = 1-7, run time 13 min) as a result of optimizing gradient 
steepness and shape. 
Whether a segmented gradient as in Fig. 8.13d will be useful in other cases 


depends on sample molecular weight and the relative positions of the two or 
more critical band pairs in the chromatogram. When the critical band pairs 
are closer together, segmented gradients will be less useful, especially for 


the case of sample molecular weights below 1000 Da. Before developing a 
segmented-gradient method for the purposes of improving selectivity and 
resolution, it must first be shown that maximum resolution for two or more 


40-100 %B in 7 min 
R,= 1.0 


5.0 6.0 7.0 8.0 9.0 10.0 


40-100 %B in 20 min 
R,=0.9 


40-100 %B in 12.5 min 
Ry=1.4 


5.0 6.0 7.0 8.0 $.0 10.0 11.0 12.0 13.0 


40/50/100 %8 in 
0/4.5/8.7 min 
R,= 1.7 


5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 


FIGURE 8.13 Gradient separations of a polyaromatic hydrocarbon sample as a 
function of gradient steepness. Sample: 16 compounds ranging from naphthalene to 


4 G-pita s 


acetonitrile-water gradients; 2 mL/min; 35°C. (Computer simulations based on data 
of Ref. 21.) 
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critical band pairs occurs for different gradient steepness values. When that 
is the case, the initial gradient segment is selected to give acceptable resolution 


for the first-eluting critical pair. Shortly before that band pair leaves the 
column, the gradient steepness is changed to provide acceptable resolution 
of the next critical band pair (and so on for subsequent critical pairs). For a 


further discussion of this question and practical rules for optimizing these 
segmented gradients, see Refs. 18 and 23. 


8.4.2.2 Solvent Type. A change in organic solvent is often useful as a means 
of changing selectivity in isocratic separation, especially for non-ionic samples 


(Chapter 6); similar effects have been observed for gradient elution {24,25}. 
An example is shown in Fig. 8.14 for the separation of a mixture of phenols. 
In Fig. 8.14a, a 0 to 100% acetonitrile—water gradient is used, and only bands 


8/9 overlap. Since a change in selectivity is required to improve the resolution 
of bands 8/9, methanol was substituted for acetonitrile and the separation 
was repeated (Fig. 8.14b). Because there are no bands before 18 min in the 


separation of Fig. 8.14a, the second gradient (Fig. 8.14b) was started at 20% 
methanol-water (instead of 0% acetonitrile in Fig. 8.145). Now the separation 
of bands 8/9 is improved, but band pair (2/3) has become critical. 


Two isocratic separations with methanol and acetonitrile as solvents might 
give chromatograms similar to those of Fig. 8.14a and b (i.e., with a change 
in the critical band pair). When this occurs for isocratic separation, a mobile 


phase containing some combination of methanol and acetonitrile (50:50) can 
be used to achieve a (slightly) better separation than in either Fig. 8. 14a or 
b._A-similar_approach_could_be_used_in_the gradient 


(i.e., use some mixture of methanol and acetonitrile as solvent B). A better 
approach is indicated, however, by the fact that early bands (2/3) prefer 


—————aeetonitrile-andater- bands (8/9) prefer 
the use of a gradient for which the methanol/acetonitrile ratio increases during 
the run. This approach was used in Fig. 8.14c, where the overall separation 


of the sample is clearly better than in either of the two preceding runs. In 
this case, the separation of band 2/3 is as good as with the acetonitrile—water 
gradient (Fig. 8.14a), while the separation of bands 8/9 is as good as for the 


methanol—water gradient (Fig. 8.145). This ability of gradient elution to pro- 
vide different selectivity changes for different parts of the chromatogram is a 
powerful tool for certain samples. Similar examples are reported in Ref. 25. 


8.4.2. 7 Other Variables: A number of reported studies have opmonsirared 


FIGURE 8.14 Effect of solvent type on separation in gradient elution. Sample: 
mixture of phenols. Conditions: 30 x 0.42-cm Cig column; gradients as in figure; 
1.0 mL/min; ambient. (Reprinted with permission from Ref. 24.) 
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ble primarily for ionic samples): pH [26], ion-pairing reagent concentration 
(Fig. 11.11), temperature [27]; see also Fig. 11.9. For a prioritization of these 


and other variables, see the recommendations of Fig. 7.7 for isocratic separa- 
tion. While selectivity effects in isocratic and gradient elution are quite similar, 
solvent-strength selectivity (k*) is much more important in gradient elution 


than for isocratic separation. The use of buffers and ion-pair reagents in 
gradient elution requires more attention than in isocratic separation, due to 
poor solubility of some buffers in high-% B mobile phases and varying uptake 


of ion-pair reagents as % B is varied (Fig. 7.13, Section 8.5.2.2). 


8.4.3 Adjusting Column Conditions 


Once retention has been optimized in terms of k* and a (including the possible 


use-of segmented gradients), further improvements in-se 
by varying column conditions: column length, particle size, and/or flow rate. 
In isocratic separation, a change in column conditions has no effect on k, so 


itis possible to change one column condition at a time (e-g., column tength) 
without concern for changes in k or a. This is not the case for gradient 
elution, because k* depends on column dimensions and flow rate (Eq. 8.2). 


Consequently, if only column length or flow rate is changed, the separation 
will be affected in two different ways: (a) the column plate number N will 
change in predictable fashion (Section 2.3.3.2), but (b) k* (and possibly œ) 


will change also. This effect is illustrated in Fig. 8.15 for a change in flow rate. 
A group of six bands from each chromatogram of Fig. 8.15a (arrows) is 
shown in Fig. 8.155 (i.e., part of the whole chromatogram). A change in flow 


rate from 0.5 mL/min to 1.5 mL/min (constant gradient time) leads to major 
changes in band spacing: bands 5 and Sa coalesce, bands 6 and 6a begin to 


separate, and bands 6b and 7 reverse positions. One can take advantage of 
these selectivity changes in Fig. 8.15 by changing gradient time, as in Fig. 8.13, 


and this is usually the best approach. However, once k* and a are optimized 


prior_to-changing column_conditions, the same-k* value-must_be_maintained 
while changing column conditions. Otherwise, what is gained in terms of N 
may be lost in terms of a. 


Constant kis achieved by-holding- G;=(V/F)(A%Bi) constant Thisis 
done most conveniently by varying gradient time tg when changing flow rate 
(F) and/or column length (Vm). If column length is increased by some factor x, 


X. is decrease 
by some factor x, gradient time should be increased by the same factor x. The 
effects of a change in flow rate or column length on gradient elution run time 


(holding k* constant) are thus the same as in isocratic separation (i.e., longer 
run times for longer columns or slower flow rates). 
Figure 8.16 and Table 8.4 illustrate the optimization of column conditions 


while holding k* and selectivity constant, for the herbicide sample of Fig. 
8.8. After optimizing gradient conditions (Fig. 8.16a; 40 to 77% B in 25 min, 
2 mL/min), resolution is still marginal: R, = 1.1 (an asterisk marks the critical 
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"a 


0.5 ml/min 


1.5 ml/min ia 


6,60 7 


6b 9.5 mi/min 


1.5ml/min 


(b) 


FIGURE 8.15 Effect of a flow-rate change on selectivity in gradient elution. Sample: 
peptides from tryptic digest of myoglobin. Conditions: 8 X 0.62-cm Cg column; 10 to 


70% acetonitrile—water gradient in 60 min [0.1% trifluoroacetic acid in (a) and (b)]; 
flow rates as indicated; 35°C. (a) Entire chromatograms; (b) expansions of parts of 
each chromatogram from (a) (see arrows). (Reprinted with modifications from Ref. 28.) 
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25-cm, 10-ym column, 2 mL/min 


R, = 1.1, 1040 psi 


10 20 


25~cm, 10-y~m column, 1 mL/min 


R, = 1.3,—520 psi 


50-cm, 10-ym column, 2 mL/min 


R, = 1.5, 2080 psi 


10 20 30 40 30 


25-cm, S-um column, 1.0 mL/min 


R, = 2.0, 2080 psi 


(d) 


10 20 30 40 50 


FIGURE 8.16 Gradient separation of a herbicide sample as a function of column 
conditions. Conditions of Fig. 8.8, except 40 to 77% B gradient (0.7%/min) and as 
noted in figure. See also Table 8.4. 


band pair). A reduction in flow rate from 2 mL/min to t mL/min is expected 
to improve resolution. However, to maintain k* constant, gradient time must 
be increased simultaneously from 25 min to 50 min. The resulting resolution 


increase in Fig. 8.16b (R, = 1.3) is rather small for this doubling of run time, 
as is often the case when varying flow rate with small-particle (< 10-um) 
columns. An increase in column length is usually more effective. Figure 8.16c 


shows the separation for a 50-cm column and the same flow rate as in Fig. 
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TABLE 8.4 Gradient Separation of a Herbicide Sample as a Function of Column 
Conditions, Holding k* Constant” 


Column Conditions Separation 
Length Particle Flow Rate Time? Pressure 
(em) (um) (mL/min) Rs (min) {psi} 
25 10 2.0 1.1 25 1040 
25 10 1.0 1.3 50 520 
50 10 2.0 1.5 50 2080 
25 5 1.0 2.0 50 2080 


* Separations of Fig. 8.16. Column conditions specified in table: other conditions as in Fig. 8.8. 
except 40 to 77% B gradients. 
t Gradient time tç. 


8.16a, The gradient time must again be increased to 50 min to maintain k* 
constant, but resolution is now marginally acceptable (R, = 1.5). 


At this point, a decrease in particle size from 10 wm to 5 um can be 
considered. Figure 8.16d shows such a separation, with flow rate decreased 
a : DRF ble col Reolution-is 


quite good (R, = 2.0) for a gradient time of 50 min. Note that a change in 
particle size alone does not require a change in gradient time to maintain k* 
constant._In this-case,flow_rate-was-decreased_because_of the-need_for_an 


acceptable pressure drop with this 5-ym-particle column, which in turn re- 
quired an increased gradient time. 


The choi f which col E ; ji lution isthe 
same as for isocratic separation (Section 2.3.3). In both cases, larger values 
of N can be obtained at the expense of longer run times. For minor improve- 


ments in resolution (10 to 20%), where an increase in run time is less important, 
it is convenient to reduce flow rate. When a larger increase in R, is required, 
an increase in column length is generally preferred. If resolution must be 


increased without increasing run time or pressure, a decrease in particle size 
(accompanied by decrease in column length and/or flow rate) is the only 
option. When changing the column (length or particle size), it should be 


recalled that this may lead to detrimental changes in selectivity due to small 
differences in the column packing from batch to batch (Section 5.2.4). If 
resolution is greater requi imizi ivi is 


resolution can be traded for a shorter run time by increasing flow rate and/ 
or reducing column length. 
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Gradient elution is subject to the same experimental problems that can arise 
in isocratic separation and which adversely affect detection, reproducibility, 


precision, and so on. The within-run change in mobile-phase composition that 
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is unique to gradient elution can lead to additional effects and potential 
problems, some of which were listed at the beginning of this chapter. These 


gradient effects are examined in this section. 


8.5.1 Effect of Equipment on Separation: System Dwell Volume 
8.5.1.1 Equipment Differences. Two kinds of equipment are used for gradi- 


ent elution: high-pressure mixing systems and low-pressure mixing systems, 
as illustrated in Fig. 8.17a. High-pressure mixing combines solvents A and B 
immediately after the pump (at high pressure), whereas low-pressure mixing 


High-pressure Low-pressure 


Control 
System 


(b) 


FIGURE 8.17 Different gradient equipment designs and dwell volume Vp. M, mixer; 
S, sampler; C, column; arrows indicate other modules, such as pump, filters, and so 
on. (Reprinted with permission from Refs. 29 and 30.) 
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combines the solvents before the pump. In high-pressure-mixing (HPM) sys- 
tems, the gradient, once formed, moves directly to the autosampler or sample 


valve_Forlow-pre 


the pump and associated modules before arriving at the sample injector. 
The main effect on separation of the gradient equipment design is reflected 


in the hold-up or “dwelP=volume Vp, as illustrated in Fig. 847b—-Other 
factors being equal, LPM systems should have larger values of Vp. Table 
8.5 summarizes values of the dwell volume for some representative HPLC 


equipment. The use of an autosampler usually adds significantly to Vp as a 
result of the hold-up volume of these devices. With inclusion of an autosam- 
pler, values of Vp usually range between 2 and 8 mL, but poorly plumbed 


equipment can have a dwell volume above 10 mL. Note that the volume of 
the sample loop adds to the dwell volume, so values of Vp for an HPLC 
system can vary if the loop is changed. 


8.5.1.2 Changes in Separation for Different HPLC Systems. The primary 


dwell volume_on_gradient separations is 
to shift sample retention times to higher or lower values (by an amount related 
to the dwell time tp = Vp/F). Increased dwell volume is also equivalent to 


an_isocratic_hold_tothe-beginning-of the-gradientThese-effects-are 


illustrated in Fig. 8.18a for a hypothetical separation. For a dwell volume of 


TABLE 8.5 Values of Dwell Volume Vp for Some Representative HPLC 
Gradient Systems 


Vp (mL) 
System No Autosampler With Autosampler 
Beckman System Gold 2.3 
Bischoff? 1.0 
DuPont 8800 5.5 
Hewlett-Packard 1090 0.5 2.3 
IBM LC/9533 4.5 
Perkin-Elmer Analyst? 3.4 3.9 
Perkin-Elmer Analyst“ 6.1 6.6 
Shimadzu? 3.1 
Spectra-Physics 8700 4.5 
Varian Star? 1.0 
Waters Model 501 5.0 8.0 
Source: Ref. 29. 


° Pump model 2250 with Alcott A/S model 2250. 
? Model 620 pump, model ISS 100C A/S; mixing coil removed. 
€ Same as footnote b, except with mixing coil. 


4LC 10AD pump, ICI A/S model AS2000. 
€ Model 9010 pump, model! 9090 A/S. 
{WISP model 712. 
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FIGURE 8.18 Effect of differing dwell times on gradient separation. Hypothetical 
samples, 1 mL/min flow rate. (a) Typical sample; (b,c) atypical sample. See the text 


for details. (Reprinted with permission from Ref. 29.) 


0.5 mL and a flow rate of I mL/min, the dwell time tp = 0.5 min and the last 
peak leaves the column at 22 min. The same separation carried out with a 
system having Vp = 10 mL and tp = 10 min shows the last band leaving the 


column at 31.5 min [i.e., an increase in retention time by an amount (9.5 min) 
equal to the difference in tp values]. Early bands show longer retention for 
the 10-mL system, but the difference in retention times (vs. the 0.5-mL system) 


is not as great (~ 3 min). In addition, the resolution of early bands is somewhat 
better for separation with the 10-mL system. The behavior seen in Fig. 8.18a 
is typical of what can be expected when gradient separations are carried out 


on HPLC systems having different values of Vp. 
For some samples the effects seen in Fig. 8.18a are accompanied by changes 
in-band spacing and_resolution_at the front-of the 


is illustrated for a different sample in Fig. 8.185 and c. In Fig. 8. 18c, the use 
ofa ania with Vp = 5 mi G ene Bands It to 4 pee Daseline besolnlion: 


sesults' in major cates in band shacing and a loss in simple resolution (Fig. 
8.18c). It is possible to anticipate which samples will behave in this way (Fig. 


8.18b and c); samples that have early bands whose spacing (selectivity) changes 
with either gradient steepness or the value of initial % B are likely to cause 
problems of the kind illustrated in Fig. 8.185. See also the discussion of Ref. 
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29. The use of computer simulation (Section 10.2.2) allows the effect of system 
dwell volume on separation to be predicted without the need for additional 


experiments or the use of a system with a different dwell volume. 
A further effect of a change in system dwell volume on gradient separation 
is illustrated in Fig. 8.19 for the repetitive analysis of a series of samples. In 


Fig. 8.19a for a system with Vp = 0.5 mL, the gradient reaches the autosampler 
soon after sample injection (marked by arrows). At the end of each gradient 


run, the column is reequilibrated by flushing the column with the starting 
mobile phase. In Fig. 8.19b the same separation is carried out on a system 
vin Vp = 10 mi, Because of the ceny in arriva of the gradient at the 


ous pear sate is Sompleted. As : a eal these impe: are eluted under initial 
conditons of ona % B, and a early bands (A to D). are therefore unresolved. 


for different HPLC systems can be avoided by allowing additional tite for 
column equilibration. The required additional time is equa! to the increase 


in dwell time. For the example of Fig. 8.19, the increase in dwell volume is 
9.5 mL and the flow rate is 1 mL/min. Therefore, the column equilibration 
time should be increased by the difference in tp, equal to the difference in 


dwell volume divided by flow rate: 9.5/1 = 9.5 min. See Section 8.5.1.3 and 
Ref. 29 for a further discussion of these dwell-volume-related effects. 
It should be apparent from the preceding discussion that the final gradient 


method must take into account possible differences in dwell volume among 
HPLC systems that will be used for the analysis. Otherwise, a method that 


equipment. System-dwell-volume effects become more important as column 
diameter is decreased because the lower flow rate required for these columns 


leads-to-atarge-delay-in-the-arrival of the gradient-at the-column_inlet{tp-= 
Vp/F). Therefore, separations that involve columns of narrow diameter (e.g., 
1 mm or smaller) generally require special gradient elution equipment that 


has very small values of Vp [31]. 


8.5.1.3 Minimizing the Effect of Equipment Dwell Volume. Because dwell- 


volume differences are a major reason that gradient methods may not transfer 
well between different systems, it is important to state the dwell volume of the 


original system in the method 


gradient methods that can tolerate differences in dwell volume. Three proce- 
dures for minimizing the effects of variable dwell volume on separation have 


been : > 
the sample at a precise time after the gradient is begun. If sample injection is 
delayed by the time fp, the arrival of the gradient and the sample at the column 


inlet occurs at the same time. This procedure eliminates the effect of dwell vol- 
ume on the separation [32]. The first run (from the start of the gradient) is longer 
(because of the larger Vp and tp values), but later run times are the same, regard- 
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100 


100 


Time (min) 
(b) 


FIGURE 8.19 “Calamitous” effect of differing dwell times on gradient separation 
for sequential sample injection. Hypothetical sample, 35 to 65% B in 20 min, 1 mL/min 
flow rate, 5.0-min column equilibration with A-solvent between runs. (a) Separation and 


gradient profile for an HPLC system having a dwell volume Vp = 0.5 mL; 
(b) same for system having Vp = 10 mL (for second and subsequent samples). (Re- 
printed with permission from Ref. 29.) 
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less of Vp. If calculations are made from the time of sample injection, retention 
times for different gradient systems will be the same. 


Second, if an initial isocratic step can be incorporated into the gradient, 
this step can be shortened for use with systems with larger values of Vp, and 
lengthened for systems with smaller Vp values. In this manner, the sample 


and gradient again arrive at the column inlet at the same time [33]. By way 
of illustration, assume that a method is developed using a system with Vp = 


5 mL. If the initial isocratic step for this method was made equal to 5 mL, 
the gradient lags the sample by 5 + 5 = 10 mL. The same gradient lag can 
be achieved on other systems (with different values of Vp) by either shortening 


ortengthening the-isocratic_step—For-example, if separation-is_to-be-carried 
out on a second system with Vp = 2 mL, the isocratic step must be increased 
to 8 mL for the same separation (8 + 2 = same 10 mL gradient delay). 


with a system having Vp = 10 mE, the isocratic hold 
would be reduced to 0 mL (0 + 10 = 10 mL). With this approach, the run 
time for every sample is the same on each HPLC system (of varying Vp). 


Sample retention times are also the same from system to system. However, 
the run time per sample is longer than for the previous option (injection of 
the sample after a time tp). 


Third, if the initial mobile phase composition > 20% B, it is advantageous 
to start with a steep gradient from 5% B to this initial % B. For example, if 
the initial mobile phase is 30% B, precede this gradient with a gradient segment 


from 5 to 30% B in 1 to 2 min. This has the effect of holding the sample at 
the column inlet until the start of the original gradient (30% B) arrives at the 
column _inlet_Dwell-volume_effects_as_in Fig. 8.18 are thereby avoided; how- 


ever, all retention times will be shifted by an amount equal to the difference 
in dwell time for the two systems. The run time for the first sample will be 


~~~ increased for higher Vp systems, but later samples will _have the same run 


time, regardless of Vp. Again, the run time per sample is longer than for 
injection of the sample after a time tp (first option). 


8.5.1.4 Determining the Dwell Volume. The value of Vp for the equipment 
used must be known before developing a gradient method. The dwell 


volume of an HPLC gradient system can be measured as follows. Disconnect 
the column from the system and connect the column inlet and outlet lines 
with a zero-volume connector. Use methanol as A and B solvents, and add 


0.1% acetone to the B solvent. Adjust the detector wavelength (~260 nm) 
so as to place the B-solvent absorbance at full scale (0.1 AU) and run a 
linear gradient from 0 to 100% B in 20 min at 1.0 mL/min. This provides 


a graphic display of the gradient, as in Fig. 8.20a (solid curve). Determine 
the time when the absorbance is halfway between start and finish, subtract 
10 min (half the gradient time), and the result is tp = Vp/F; see Ref. 29 for 


further details. 
It is also important to verify that the gradient equipment is operating 
properly before beginning gradient method development. The gradient display 


determined as in Fig. 8.20a also allows the user to evaluate the performance 
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(b) 


(e) (d) 
FIGURE 8.20 The gradient profile for an HPLC system and its interpretation. 


(a) Gradient delay due to equipment dwell volume; (b) gradient rounding due to 
dispersion within the system; (c) irregular gradient due to mixing errors; (d ) gradient 
non-linearity. See the text for details. (Reprinted with permission from Ref. 34.) 


of the HPLC system, as illustrated in Fig. 8.20b-d. Some rounding of the 
beginning and end of the gradient is expected (arrows, Fig. 8.20b), due to 
dispersion of the gradient as it moves through the equipment. The deviation 


of the-actual gradient (solid curve) from-expected-values (dashed-curve) of 0 
and 100% B (arrows) should not exceed 3%. 
The gradient may also exhibit an irregular rather than linear trace (Fig. 


8.20c). Deviations between the actual and expected gradients should not ex- 
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ceed 1 to 2%; this can also be checked by running a series of step gradients 
in 10% B increments. Finally, the actual gradient may be non-linear (Fig. 


8.20d)—In 
adjustment of the HPLC system (gradient former) to eliminate gradient non- 
linearity. 


8.5.2 Reproducible Separation 


8.5.2.1 Column Regeneration. In the preceding section we examined prob- 
lems in method reproducibility that are caused by differences in gradient 
equipment. Irreproducible separation can also arise in gradient elution for 


other reasons. Method development often uses samples composed of pure 
standards, whereas actual samples may contain late-eluting interferences. If 
the final % B in the gradient is selected to match the elution of the last band 


of interest (as in Fig. 8.105), late-eluting material present in actual samples 
may build up on the column, thereby changing column efficiency and retention 


(as in the example of Fig. 8.4b). The result will be a gradual change in the 


separation of samples that contain such late eluters. Because samples that 
require gradient elunon ase ee contain late pies it is common pie 


quickly to 100% B $ so as to pen the column for some netiod ie g., 2 to5 
column volumes) with strong solvent as a means of column cleansing. 


8.5.2.2 Column Equilibration. Column equilibration in gradient elution 
refers to a flush of the column with the A-solvent (starting mobile phase) 


after the last gradient run and prior to the next sample injection; see Fig. 
8.19a. In gradient elution it is advisable to equilibrate the column completely 
with the starting mobile phase prior to sample injection and the start of the 


next gradient. If complete column equilibration is not achieved, early bands 
in the chromatogram may exhibit variable retention and separation. Column 
equilibration normally requires 5 to 10 column volumes of the starting mobile 


phase (e.g., 7 to 15 mL for a 15 x 0.46-cm column). However, this equilibration 
volume will vary with the mobile phase and sample, so the completeness of 
column equilibration needs to be verified for each application. Complete 


equilibration can be checked by (1) flushing the column with more than 30 
column volumes of starting mobile phase, (2) carrying out a gradient separa- 


tion, (3) flushing the column with the proposed volume of starting mobile 


phase (e.g., 5 to 10 column volumes), and (4) immediately repeating the 
separation. If the retention times for early bands do not change between these 


two-runs,_the-velume—of equilibration_solvent_used_is_adequate_{it may—be 
more than is required). The volume of equilibration solvent specified for a 
gradient method should also take into account possible differences in system 


dwelt volume; see Fig. 8.19 and the related discussion. When additives such 
as ion-pair reagents or amine modifiers are used in the mobile phase, these 
compounds should be added to both the A and B solvents. 
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It is also possible to carry out a reversed gradient for the purpose of column 
equilibration. This refers to a gradient (following elution of the sample) from 


the final to initial % B values (e.g., if the original gradient is 10 to 80% B, 
column equilibration can be achieved by running a gradient from 80 to 10% 
B). The alternative of an immediate change in % B from the final value to 


the initial value-at the end of the run (80% to 10% B; 
the column with 10% B) is recommended, however, because it is simpler and 
equally effective. 


Rapid equilibration of the column between gradient runs is promoted by 
avoiding 0% B as the starting mobile phase (water or buffer without added 
organic). If possible, the initial mobile-phase composition should be > 3% B. 


Gradients with a limited range (e.g., 30 to 50% B) will usually require a smaller 
equilibration volume, since the difference in initial and final mobile-phase 
compositions is small. One study has advocated the addition of 3% propanol 


to the A-solvent as a means of accelerating column equilibration [35]. It has 
not been shown, however, that the simpler expedient of starting the gradient 
at 5% B requires a much longer column 


When analyzing a series of samples by a gradient method, it is advisable 
to maintain a constant eau libeanan time beween samples. The water ue 


ies at ie head of the Soha and are ihe eluted during the gradient The 
resulting artifactual peaks increase in size in proportion to the length of the 


time (or the amount of water that has been -used-to equilibrate 
the column). See Section 8.5.3.2 for further details. 


8.5.2.3 Inaccurate Gradients. Poor separation reproducibility can also be 
caused by inaccuracies in the gradient. Inaccurate gradients are more likely 
to result in differences in separation between different gradient systems, but 


it is also possible for the same gradient equipment to cause changes in retention 
from run to run. This is more likely for very flat gradients and high-molecular- 
weight samples. In such cases, the mixing of A- and B-solvents by the gradient 


equipment can lead to random variations in mobile-phase composition (e.g., 
by 0.1 to 0.3%) vs. the value programmed into the gradient controller. Nor- 
mally, such small (random) errors would have little effect on sample retention 


times. However, for larger sample molecules, even such small variations in % 
B can result i in sable shifts i in retention time in gradient elution. In extreme 


peaks [36]. 
When it is AFE that variable rerennon times are due to random 


be reduced by avoiding the use of pure solven A and B in the soleni 
reservoirs. Thus if the gradient range is 20 to 50% B, use 20% B in the A- 


~~~ reservoir and 50% B in the B- reservoir. For this example, the effect would 
be to reduce errors in gradient mixing (instantaneous values of % B) by a 


factor of 0.3 vs. the use of pure solvents A and B. 
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8.5.3 Baseline Problems 


Baseline drift and artifactual bands are much more common in gradient vs. 


isocratic elution. One example is provided by Fig. 8.3b, where the gradient 
run exhibits a rising baseline during the separation (3 to 23 min). In other 


cases, a blank gradient run (no sample injected) may show apparent- -bands 


in the chromatogram as well as drift. Jt is always desirable to carry out a 
blank run (e.g., 5 to 100% B) prior to beginning method development for 


gradient elution. 


8.5.3.1 Drift. An upward drift in the baseline during gradient elution (as 


in Fig. 8.3b) is fairly common and is usually caused by differences in UV 
absorbance of the A- and B-solvents used. Thus in reversed-phase gradient 
elution, the concentration of the organic solvent B increases during the separa- 


tion, and the UV absorbance of organics is always greater than that of water. 
Gradient drift of this kind is therefore fairly common with UV detectors. 


————————— ç Absorbance-related baseline drift can be confirmed by running a blank gradi- 


ent; the baseline will be linear and drift upward for a time equal to the gradient 
time ta. This kind of drift wall oS more noticeable, the lower the detector 


oand for THF as $ solvent, boca of the greater AES of THF below 
250 nm. 


Absorbance-rełated-drift can beeliminated-by-absorbance matching ti-e; 
adding a UV-absorbing compound to the A-solvent so as to increase the 
absorbance of the A-solvent to equal that of the B-solvent). Any UV-absorbing 


species can be used, but this additive must be unretained (very hydrophilic) 
under reversed-phase conditions and not react or interact with the sample. 
Compounds of this kind include inorganic ions such as nitrate, nitrite, or azide, 


small organic ions (e.g., formate, acetate), and hydrophilic, low-molecular- 
weight compounds such as urea, thiourea, or formamide (37,38]. The matching 
of A- and B-solvent absorbances can be done conveniently by trial and error. 


For example, assume that the observed baseline drift is +0.10 AU (from 
beginning to end of the gradient). Now add a small quantity of the UV- 
absorber to the A-solvent and determine its effect on baseline drift (e.g, 


baseline drift is reduced from 0.10 AU to 0.05 AU). From this it can be 
concluded what quantity of added UV absorber will completely eliminate 
baseline-drift_{twice_the initial addition, in this example). 


A second kind of baseline drift in gradient elution can be recognized by a 
curved baseline in the blank gradient, with a maximum signal near 50% B 


(instead of 100% B, as in the previous example). Baseline drift of this kind 
is due to refractive index (RI) effects (39]; most UV detectors are sensitive to 
a change in refractive index of the mobile phase, and organic—water solutions 


generally have maximum RI values at = 50% organic. RI-related baseline 
drift cannot be eliminated by solvent matching as in the preceding example. 
Its effects are strongly related to the design of the detector flow cell and 
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optics, so the use of a different UV-detector model may be required to reduce 
drift of this kind. 


gradient, which results in the élimination of baseline drift. However, this 
expedient is less desirable than correction of baseline drift, because of possible 


————————errors introduced by the subtraction process. 


8.5.3.2 Artifactual Bands. When a blank gradient is run, especially for 


lower-wavelength UV detection and higher-sensitivity settings, bands of sig- 
nificant size may appear in the chromatogram. Artifactual bands of this kind 
can obviously complicate method development for gradient elution. Such 


interferences usually arise from hydrophobic, UV-absorbing impurities associ- 
ated with either the mobile phase or equipment. The mobile phase is more 


likely to be the problem (i.e., water, the organic solvent, or mobile-phase 
additives). A few simple experiments can serve to isolate the problem and 
point the way to a remedy: 


ing the column with A- salvent Gas for 30 min, then carry out ¢ a blank 
gradient (0 to 100% B in 15 min), equilibrate for 5 min, and repeat the blank 


of the water is probable. If there is no difference in the two blank runs, the 
organic solvent is more likely the problem. Possible contamination of mobile- 


phase additives can be checked by repeating a blank gradient with the addi- 
tive(s) removed. Once a contaminated mobile-phase solvent or component 
has been identified, a “clean” source of that material must be substituted for 


the original material (e.g., material from a different bottle or vendor). 
If the preceding experiments are inconclusive as to the source of contamina- 
tion, the gradient contamination may have been introduced by the HPLC 


system. In this case a systematic substitution of each module can be used to 
isolate and fix the problem. 


8.6 SUMMARY OF GRADIENT ELUTION 


~~ METHOD DEVELOPMENT 


The following step-by-step approach will work for most samples. It is important 


to keep in mind the similarity of method development for isocratic and gradient 
separation, since this allows experience acquired with isocratic separations 
(Chapters 6 and 7) to be applied to gradient methods as well. 


8.6.1 Systematic Approach 


Similar considerations govern the design of both gradient and isocratic meth- 
ods. For example, when changing conditions during gradient method develop- 
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ment, equilibrate the column with 10 to 20 column volumes of the A-solvent 
and repeat each experiment to confirm that the column is fully equilibrated. 


Before Starting. A blank gradient should be carried out initially, to ensure 
that there are no problems with the baseline (drift or artifactual peaks). Any 


problems should be corrected, as discussed in Section 8.5. 


ae ee a ee er 510.100 itrile-bufter gradi- 


ent in 60 min at a flow rate of 2 mL/min and the other conditions of Table 
1.3 (same for both isocratic and gradient elution; a 15 x 0.46-cm column is 


estimate the best initial and final % B values (gradient range) for this sample 
(Table 8.3). Alternatively, if it is certain that gradient elution will be required, 


begin with a 20-min gradient (for k*-= S}: 


Optimizing Gradient Steepness. Using the foregoing estimates for the best 


gradient range, estimate a “good” gradient time for these conditions from 
Eq. 8.4 and perform this separation (run 2). Repeat this separation (run 2a) 
to confirm repeatable separation and adequate column equilibration between 


runs (e.g., with 10 to 20 column volumes of the starting mobile phase). Next 
determine the effect of gradient time on the separation [e.g., vary gradient 
time two-fold or 


of critical band pairs as gradient time is varied. Many samples will show 
maximum resolution for an intermediate gradient time, as in the example of 


Fig. 8.13. In such cases, it is usually worthwhile to adjust gradient time to 
achieve this maximum resolution. At the same time, further adjust the initial 
and final % B values as necessary (see Figs. 8.9 and 8.10). 


Optimizing Conditions. If band spacing and resolution require improvement, 
a further change in selectivity can be attempted in the same way as for isocratic 


separation (Sections 6.3, 6.6, and 7.3.2). In the case of the reversed-phase 
separation of neutral samples, a change in solvent type (acetonitrile, methanol, 
THF, or mixtures thereof) should be explored next. If that proves unsuccessful, 


a different column (cyano, phenyl) can be tried. Gradient steepness should 
be re-optimized, following any change in solvent or column type. For the 


gated before changing column type. The combination of a change in gradient 
steepness and temperature has been found especially convenient and effective 


for someionic-samples_{27}; see-also Section-9.5, 


Complex Gradients. In some cases, as in Figs. 8.12 and 8.13, a segmented 


gradient may be able to reduce run time and/or increase resolution. In other 
cases, as in Figs. 8.13 to 8.15, selectivity can be optimized for individual groups 
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of compounds within the chromatogram by the use of segmented or “complex” 
gradients. Curved gradients should be avoided if possible. 


Optimizing Column Conditions. When an optimum band spacing has been 
achieved as above, resolution and/or run time can be further improved by 


varying flow rate, column length, or particle size. When changing column 
length or flow rate, it is important to maintain the optimum band spacing 
achieved previously (selectivity optimization) by keeping k* constant. This 


requires a proportionate increase in gradient time when increasing column 
length, and a proportionate decrease in gradient time when increasing flow 


rate. See the example of Fig. 8.16 and Table 8.4. 


Other Considerations. Once the experimental conditions for the separation 


of the sample have been selected, column equilibration should be adjusted 
to ensure the reproducible retention of early bands while striving for minimum 
overall run time (which includes the time for column equilibration). This step 


requires determination of the minimum volume of initial mobile phase that 
will achieve column equilibration. 
If the gradient method is to be used with other HPLC equipment, the 


possible effect of a change in dwell volume on separation must be considered. 
Three modifications of the gradient procedure have been described to mini- 
mize the effect of the equipment on the separation (Section 8.5.1.3); which 


approach is preferred in a given case depends on the separation conditions 
and the available gradient equipment. The : possible need for a larger between- 
Fig. 8.19 


should also be kept in mind. 


8.6.2 Computer Simulation 


The technique of computer simulation for use in gradient elution method 


development is described in detail in Section 10.2.2. Two initial experimental 
runs can be used to predict separation as a function of all gradient and 
1 ae : i ; ; 


experiment requires only a few minutes of computer time. This means that a 
ee number of a experiments are ee oe a few hours, with easier 


a considerable numb of trial- and-error piai as can be seen n from 
Oe successive sa abana of t Pigs: 8. 8 to 8. ” 8, ie and 8. 16: Mt may also be 


as illustrated i in Figs. 8.18 and 8.19. For some yen difficult sainples (e.g., [40]), 
the development of “good” gradient methods is hardly possible by trial- 


and-error experiments in the laboratory, but computer simulation can prove 


successful with relatively little time or effort. Computer simulation for the 


400 GRADIENT ELUTION 


development of gradient elution methods has other uses which are discussed 
further in Section 10.2.2.2. 
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9.1 INTRODUCTION 


In -this-chapter-we-summarize-the-selection-of suitable-experiments for—a 
first attempt at separation by reversed-phase chromatography (RPC). Specific 
conditions are described for an initial separation, the results of which are used 


to determine a second experiment. This trial-and-error process is continued 
until a successful separation is achieved. Guidelines are provided at each 
step for the selection of conditions for the next run. The present method- 


development approach (summarized in Table 9.1) should result in the satisfac- 
tory separation of many samples, and it provides a good start for work on 
more difficult samples. The procedure described here is based on the discussion 


of earlier chapters and incorporates a number of practical considerations that 
have not yet been discussed. 


It is assumed in this chapter that goals for the separation have been estab- 


lished (Section 1.2.2). These include adequate resolution, a reasonable run 
time, and very EO a rugged method that can be carried out in Agther 


a the sample’ is in a form ready for injection (Chante: 4) and that detection 
is not a problem (Chapter 3). In Chapters 6 to 8 we have examined the 


acceptable separation can be developed for different kinds of samples. Many 
experimental options are available, and effective method development de- 


pends on how we prioritize these options. This choice may depend on what 
is known about the sample and what kinds of HPLC equipment are available. 
However (as described in this chapter), for most regular samples, method 


development with reversed-phase conditions can proceed in exactly the same 
way. A regular sample is any sample that is not “special” (Table 9.2); regular 
samples are of molecular weight below 1000 Da and can contain neutral and/ 


or ionic compounds. 
Prior to starting method development for a regular sample, a published 
method may be available for the HPLC separation of the same or similar 


sample. This information can be useful for choosing detection conditions or 
designing a sample pretreatment procedure. However, published methods 


often prove less satisfactory for the HPLC separation of the sample, because 


of a poor initial choice of separation conditions for the original method or 
batch-to-batch differences in the column (variable a values, Section 5. 4. 1). It 


is_often_preferable_to_redevelop_an HPLC 


(using the approach described in this chapter) rather than improve a published 
method by attempting minor changes in the original separation conditions. 


of the various sample compounds prior to method development. Information 
about the sample components can be helpful as an aid in sample pretreatment 


(Chapter 4), to select the best means of detection (Chapter 3), or if problems 
are encountered during method development. If standards for each sample 
component are available, method development is greatly simplified. In this 
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TABLE 9.1 Overall Plan for Achieving an Acceptable Reversed-Phase 
HPLC Separation 


1. Determine if the sample is regular or special (Table 9.2); for special samples, 
proceed as referenced in Table 9.2; for regular samples, proceed as described 
here. 


nN) 


. Choose separation conditions for the first run (Table 9.3). 
3. Carry out the first run and classify the sample as in Fig. 9.1. 
a. For isocratic methods (Fig. 9.1a), proceed as in Section 9.3 and Table 9.5, or 


Section 9.4. 
b. For gradient methods (Fig. 9.15), proceed as in Section 9.5. 
c. For early-eluting samples (Fig. 9.1c), increase retention by (1) changing pH, 


(2) adding an ion-pair reagent, (3) changing the column (polystyrene or 


graphite), or (4) changing to normal-phase conditions. 
d. For late-eluting samples (Fig. 9.1d), use (1) NARP or (2) normal-phase 


4. For isocratic methods, use the initial gradient run to estimate the best value of 
% B for the second (isocratic) run (Table 9.4). 


5.Evaluate the quality-of- bands_in-the-second-run_(plate-number, bandwidth, 


band shape); bands that are too wide or asymmetric indicate that initial 


aoaaa conditions ooe PH, Pom: etc.) must be ee if the 


to ensure Splut equilibration and repeatable retention times. 
6. a. For isocratic methods, proceed as described in Table 9.5 and Section 9.3; 


vary % ACN to improve band spacing and resolution; if required, change 


from ACN to MeOH and optimize % MeOH for band spacing and 
resolution; if required, blend ACN and MeOH and optimize ternary-solvent 
mobile-phase composition. 


b. For isocratic methods, as an alternative to step 5 (especially for ionic 
samples), proceed as in Section 9.4. Vary % ACN and temperature to 
achieve 0.5 < k < 20 and vary band spacing; select conditions for best 


resolution of the sample. 
7. For isocratic methods, if adequate separation is not achieved in step 6a or b, 
vary other conditions according to the priorities of Table 9.8. 


8. For gradient methods, optimize band spacing and resolution by varying gradient 
steepness and temperature (Section 9.5). If satisfactory band spacing and 
resolution are not achieved, vary solvent type in the same way as for isocratic 


separation (step 5). If satisfactory separation is not achieved, change other 
conditions as in Table 9.8. 
9. For gradient methods, finalize the gradient conditions (initial and final % B, 


gradient steepness, gradient shape) to achieve improved resolution or shorter 
run time as in Section 8.4.1. 
10. For either isocratic or gradient methods, consider a change in column 


conditions (column fength, flow rate, particle size) for an increase in resolution 


or a decrease in run time. 


sary. In some cases, no experiments beyond step 6 will be required. 
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TABLE 9.2 Special Samples’ 


Sample Type Reference 

Inorganic ions Ref. 1 

Enantiomers Chapter 12 
Biomolecules. Chapter H 

Synthetic polymers Ref. 2 

Carbohydrates Section 6.6.5 
Isomers? Sections 6.3.3 and 6.6 


* Samples not listed here are classified as regular. 
b Isomers other than enantiomers may be separated ade- 


quately-by-the-procedure—described-in_this-chapter;if not, 
consult the normal-phase separation guidelines in Appen- 
dix HI. 


chapter we assume that such standards are available. However, method devel- 


opment for any regular sample can be carried out in essentially the same 
way, regardless of whether the sample composition is known or standards 
are available. 


In some cases it is possible to carry out several method-development experi- 
ments consecutively and postpone any interpretation of the results until all 


this approach are described in Sections 10.3 and 10.4. If an HPLC system is 
available that can perform these experiments automatically, and if the experi- 


mental-conditions—are—selected—carefully,_this-can—be—a—useful_and_efficient 


procedure. For many samples, however, automated HPLC development is 
still far from a reality. For this and other reasons, we favor the present step- 


~ by-step approach, which involves interpreting the chromatograms from prior 


experiments before choosing conditions for the next HPLC run. This proce- 
dure has the advantage of minimizing the total number of experiments required 


for samples that prove easy to separate, and it can also take advantage of 
computer-optimization software (Section 10.2). 


9.1.1 Some Guiding Principles 


Our recommendations for the RPC method development of regular samples 
are based on a number of considerations summarized in this section (see also 
Refs. 3 and 4): 


: Vary those conditions that can change selectivity appreciably. 


-Avoid practical probiems that can affect method ruggedness. 
- Minimize the number of necessary experiments; take advantage of com- 
puter simulation (Chapter 10) where possible. 
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+ Select experiments that work for any regular sample, so that HPLC meth- 
ods for samples of unknown composition (ionic or neutral) can be devel- 


oped in the same way (“one size fits all”). 
- Defer experiments that are less easily carried out (e.g., change of column, 


change of pH, use of complicated solvent mixtures, etc.). 


anes conrra Tanon Tng to a T ou erae ae for t method 


9.2 to 9, 95," This a reesdlire which ioes anet in percent acetonitrile, 
percent methanol, and/or temperature, should result in the development of 


an acceptable method for most samples. When this is not the case, further 
experiments can be carried out as described in Chapters 6 and 7. 


9.1.1.1 Classifying the Sample. The first step in method development is to 
characterize the sample as regular or special (Table 9.2). If the sample is 
regular, proceed as described in this chapter. If the sample is special, see 


Table 9.2 for references to other chapters or the literature. Separations of 
regular samples respond in predictable fashion to changes in solvent strength 
(%_ B) and type (acetonitrile, ACN; methanol, MeOH) or temperature. A 


10% decrease in % B (e.g., from 50% B to 40% B) increases retention by 
about threefold, and selectivity usually changes as either % B or solvent type 
is varied. An increase in temperature causes a decrease in retention (1 to 2% 


per °C), as well as changes in selectivity (especially for ionic samples). 
It is possible to separate many regular samples just by varying solvent 


—___Strength_and_type_(Section_9.3).Alternatively, varying solvent strength and 


temperature can separate many ionic samples and some non-ionic samples 
(Section 9.4). Therefore, RPC method development for all regular samples 


(both-neutral-and-ionic)-can-be-carried_out-initially_in_the-same—way—(see 
Section 9.3 to start). Special samples have additional requirements and usually 
are best separated by other means (Table 9.2). 


9.1.1.2 Initial Separation Conditions: The Column and Flow Rate. The 
choice of the initial column, mobile phase, and temperature is quite important 


and is summarized in Table 9.3. The general requirements for the column are 
detailed in Chapter 5. To avoid problems from irreproducible sample retention 
during method development, it is important that columns be stable and repro- 


ducible. A C, or Cig column made from specially purified, less acidic silica (mini- 
mal metal contamination) and designed specifically for the separation of basic 
compounds (Table 5.4) is generally suitable for all samples and is strongly rec- 


ommended. If temperatures >50°C are used at low pH (Section 9.4), sterically 
protected bonded-phase column packings are preferred (Section 5.2.3.4). 
The column should also provide (1) reasonable resolution in initial experi- 


ments, (2) short run times (including column equilibration and duplicate runs; 
Section 9.1.1.5), and (3) an acceptable pressure drop for different mobile 
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TABLE 9.3 Initial Conditions for Reversed-Phase HPLC Method Development 


Separation Variable Preferred Initial Choice 
Column packing Cs or Cig; less acidic silica (Table 5.4); if temperatures > 
50°C are planned, more stable, sterically protected 
; : 5.2.3.4) 
Column configuration 15 x 0.46-cm column, 5-um particles.” 
Flow rate 2.0 mL/min. 
Mobile phase Acetonitrile-water (neutral samples) or 


acetonitrile—buffer (ionic samples); buffer is 25-50 mM 
potassium phosphate at pH 2-3 (lower pH preferable if 
column is stable). For the initial experiment, a 5-10% B 


gradient in 60 min is recommended; alternatively, see 
the isocratic approach of Fig. 9.2. 
Temperature 35 or 40°C. 


Sample size < 50 uL; 50-100 ug? 


° An alternative is the use of a 7.5 X 0.46-cm column of 3.5-um particles; the latter column will 


resolution- 
? Often, smaller sample weights are required for ionic samples. 


initial choice; these conditions provide (1) reasonable plate numbers (N ~ 
8000), (2) a run time of < 15 min for k < 20, and (3) a maximum pressure 


<2500-psifor any mobile- phase made from mixtures-of water acetonitrile; 
and/or methanol. A column of this size and type is also often a good choice for 
the final HPLC method. See further discussion in Ref. 3. For faster separations 


(Section 5.2.2), a 7.5 X 0.46-cm column of 3.5-um particles is a good alternative. 


9.1.1.3 Initial Separation Conditions: The Mobile Phase. Because of its 


favorable UV transmittance and low viscosity, the preferred organic solvent 
(B) for the mobile phase is acetonitrile (ACN). However, methanol (MeOH) 


is a reasonable alternative. Tetrahydrofuran (THE) is less desirable because 
of its significant UV absorbance below 250 nm, its chemical reactivity, and 
other problems noted below. Despite the unique and potentially useful selec- 


tivity-of THF, more-convenient- and rugged RPC methods often_result if this 
solvent is avoided. 
The initial mobile-phase pH should be selected with two considerations 


in-mind. First a low pH that protonates column silanols and reduces their 
chromatographic activity is generally preferred. Second, a low pH (< 3) is 
usually quite different from the pKa values of common acidic and basic func- 


tional groups (Table 7.2). Therefore, at low pH the retention of these com- 
pounds will not be affected by small changes in pH and the RPC method will 
be more rugged. For columns that are stable at low pH, a pH of 2 to 2.5 is 


recommended. For less stable columns, a pH of 3.0 is a better choice. Changes 
in pH for the purpose of changing selectivity (Section 7.3.2.1) should be 
deferred to a later time in method development, after other changes in condi- 
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tions have been tried. The reason is that pH optimization is often not necessary, 
can require a large number of experiments to carry out, and leads to less 


rugged final methods. A mobile phase pH of 2 to 3 is best maintained using 
a 25 to 50 mM potassium phosphate buffer (i.e., 25 to 50 mM phosphoric 


acid, adjusted to the desired pH with KOH). 


Mobile-phase additives such as triethylamine and ion-pair reagents should 
be avoided during early experiments aimed at method development. These 


—________additives_may_require_longer_column_equilibration_times, _which_can_be—a 
problem in both method development and routine use of the method. Addi- 
tives such as these occasionally introduce additional problems (erratic base- 


lines,_poor-peak-shape)-as-well-as-complicate the preparation of the-mobile 


phase. Some samples may require the use of amine modifiers when poor peak 
shapes or low plate numbers are encountered (Sections 5.4 and 7.3.3). Other 


ion ; i 
(Section 7.4). However, the need for mobile-phase additives will become 
apparent as method development proceeds. 


9.1.1.4 Other Initial Separation Conditions. The separation temperature 
can be selected to achieve different goals. A primary requirement is that the 


column temperature not change, and most temperature controllers operate 
best above ambient (> 30°C). Higher-temperature operation also gives lower 
operating pressures and higher plate numbers, because of a decrease in mobile- 


phase viscosity. A temperature of 35 or 40°C is usually a good starting point. 
However, ambient temperature is required if the method will be used in 


If possible, the sample should be dissolved initially in water (1 mg/mL) or 
a anite solution or acetonitrile i in water. For thie final RPE mero, the best 


in either water or the mobile phase: These saiples should be dissolved in 
either acetonitrile or methanol and diluted with water or mobile phase before 


injection. At first, a 25- to 50-75 injection (25 to SO -g) can be used for 
maximum detection sensitivity; smaller injection volumes are required for 
column diameters of below 0.46 cm and/or particles smaller than 5 wm. The 


weight and/or volume of sample used for subsequent injections can be reduced 
as necessary for a linear detector response or to improve band shape and 
width (Section 2.4). 


9.1.1.5 Ensuring Accurate Retention Data. It is important in method devel- 
opment to confirm the repeatability of all experiments. This requires that the 


column be completely equilibrated before retention data are collected for 
interpretation. Equilibration is required whenever the column, mobile phase, 


or temperature is changed during method development, usually by flow of at 


least 10 column volumes (15 mL for a 15 X 0.46-cm column) of the new 
mobile phase before the first eon Some mobie B Tiy paei a 
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amine modifiers such as triethylamine or tetrabutylammonium, and any ion- 
pair reagent (especially those with more than 10 carbons in an alkyl group)}. 


ditions from one experiment to the next. During the initial stages of method 
development, changes in the mobile phase or column temperature are prefera- 


ble to a change in the column. When changing the mobile phase or tempera- 
ture, it is possible to vary each of these parameters continuously, which makes 
it more likely to find just the right selectivity for a multicomponent sample. 


Changes in mobile phase and temperature can also be more convenient than 
a change in the column (assuming that a column thermostat is available). 
Column equilibration and reproducible data can be confirmed by (1) wash- 


ing the column with at least 10 column volumes of the new mobile phase 
(8 min for a 15 x 0.46-cm column at 2 mL/min), (2) injecting the sample, 


(3) washing the column with at least 5 column volumes of the new mobile 
phase, and (4) reinjecting the sample. If the column is equilibrated, retention 
times should not change by more than 0.02 min between the two runs. If 


larger retention changes are seen, further sample injections should be made 
until constant retention (+0.02 min) is observed or retention stops changing in 
the same direction. After column equilibration, retention for a thermostatted 


column should not vary from tun to run by more than -+0.05 min within a 
day. This entire sequence of steps usually can be completed in less than 1 
hour for each new mobile phase to be studied. 


Some method-development projects may require a larger number of runs 
that are carried out over several days. In such cases, there is always the risk 
that the retention properties of the column may change due to column fouling 


or loss of bonded phase; this means that retention data obtained on different 
days may not be comparable. For situations such as this, it is a good idea to 
run a “reference run” at the beginning of each day. The “reference run” can 


be carried out with one or more of the analytes as sample, using conditions 
that give k > 1. Retention times for the reference run should be the same 
(+0.1 min) from day to day for thermostatted separations (retention times 


vary by 1 to 2% per °C change in temperature). Day-to-day changes in 
selectivity (changes in œ of more than 1%) are more serious than changes 
in_retention_time.Typically, a change in a_of 1%_means_a_change_in reso- 


lution of R, = +0.2 unit; larger changes in R, can be detrimental to the 
separation. 


9.1.1.6 Confirming Good Column Performance. Once the first or second 
experimental run has been carried out, it is important to examine the chro- 


for peak shape and plate number. The asymmetry factor (Fig. 
5.19) should fall between 0.9 and 1.5 (preferably 0.9 to 1.3), and the isocratic 
plate number for later, well-resolved bands should be > 4000 for a 15-cm, 


5-~m column at 2 mL/min. In the case of gradient runs, peak width at 
half-height should not be greater than 0.4 min (5 to 100% B gradient in 
60 min, 15-cm column). The latter plate-number or peak-width values are 
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for a sample molecular weight of less than 1000 Da. The measurement of 
a column plate number from a gradient chromatogram using Eq. 2.8 is not 


valid, as these apparent values of N will usually be much too high. 
If method development is continued with tailing or broad peaks, a consider- 
able waste of time and effort is likely. Later attempts to improve column 


performance are likely to create simultaneous changes in sample retention 
and a worsening of separation, which may require a complete reoptimization 
of the band spacing. 


9.1.1.7 sees nied Peak tracking refers to the Danning of bands for 


ifipottance of peak racking and means for achieving! it are discussed in F Section 
10.7. If standards are available, two samples of differing composition (different 


concentrations of the standards) can be used in successive separations (same 
conditions) to accomplish both peak tracking and peak identification (Section 
10.7.1). At the same time, these duplicate injections can be used to confirm 


that retention times are constant and the column is equilibrated as described 
above. If standards are not available for peak tracking, then peak size plus 
relative retention, diode-array spectra (Section 3.2.6), and/or LC-MS (Section 


3.3.4) can be used instead. However, all these approaches except LC-MS 
assume that a change in mobile phase will not affect the UV spectrum of a 


Compound. This can be a bad assumption when pH is varied, and some 


variation in UV spectra is possible for changes in solvent type or temperature. 


9.2 GETTING STARTED 


9.2.1 Initial Conditions 


The selection of initial experimental conditions depends on sample type: 


neutral-or-ionic—We-will define ionic_samples—as_either_(1)-containing-one 
or more acids, bases, or organic salts or (2) being of completely unknown 
composition (i.e., the sample could contain acids or bases). For regular sam- 


ples, the conditions of Table 9.3-are used initially: a_15-cm, 5-~m Cg or 
Cg column, an acetonitrile-water mobile phase, a flow rate of 2 mL/min, a 
temperature of 35 or 40°C (unless no column thermostatting is available), and 


a Suitable sample size. For ionic samples, a 25 to 50 mM potassium phosphate 
buffer (pH 2 to 3) is added to the water of the mobile phase. If it is not known 
whether the sample is neutral or ionic, it is best to use this same buffer and pH. 


The initial (“scouting”) separation can be carried out using either isocratic 
or gradient elution. Gradient separation is strongly recommended (Section 
8.2.2), but isocratic runs are acceptable. The initial gradient should be 5 to 


100% acetonitrile (ACN) in 60 min. This first gradient run can be used to 
determine (1) whether isocratic or gradient elution is recommended (Table 


9.4 and following discussion) and (2) if special reversed-phase conditions will 
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be needed. Several examples of an initial gradient run are illustrated in Fig. 
9.1. Each of these cases will be examined in turn. 


9.2.2 Adjusting the Retention Range 


The first goal of RPC method development is to select experimental conditions 
that will provide a usable retention range for the sample. If isocratic elution 
is possible, this means conditions for 0.5 < k < 20; if the k range exceeds 


these limits, gradient elution will be necessary. However, isocratic methods 
are often preferred and may be required. When an initial chromatogram 


______ssssuggests a wide retention range (0.5 > k > 20) for an ionic sample, the use 


of an ion-pair reagent often permits isocratic separation with 0.5 < k < 20 
(e.g., Fig. 7.8 and related discussion). Similar changes in retention range can 


also_be_achieved_by_a-_change_in_pH, to jonize_late-eluting compounds_(for 
reduced retention) or reduce the ionization of early-eluting sample compo- 
nents (for later elution). 


9.2.2.1 Isocratic Separation, The gradient separation of Fig. 9.1a is typical 
of samples where reversed-phase isocratic separation is possible. Ignoring the 


“solvent peak” at fo, the first band elutes at 37 min, and the last band leaves 
the column at 49 min (i.e., the retention range is relatively narrow). An 
approximate isocratic k range can be estimated for any column and fiow rate 


from the gradient retention range (Fig. 9.la, Atr = 49 — 37 = 12 min) divided 
by the gradient time (tg = 60 min) as follows [5]: 


Ateltg Isocratic Retention 
0.25 t<k<140 
0.40 0.5 < k < 20 


An isocratic range of 1 < k < 10 or less is preferred, but a range of 0.5 < k < 20 
is usable. For the separation of Fig. 9.la, Atg/tg = (12/60) = 0.2. Therefore, 


Alternatively, for the conditions recommended in Table 9.3 (15 < 0.46-cm 
cota, 2.0 T Tame 9.4 can be used to anita the initial gradient 


the retention time of the first t band G7 ina in the first coloma of Table 9.4 
(tr), and determine the DPE value in the second (‘‘iso?’’) column 


and 64 min). If the retention time of the 
last band (49 min) is less (han this value (61 min), the isocratic retention range 
is less than 0.5 < k < 20 and isocratic separation is possible. In this case, 


because 49 < 61, isocratic separation is again recommended. The % ACN for 
isocratic elution of the last band with & = 7 also can be estimated from Table 
9.4. Locate the retention time of the last band (49 min) in the first column of 
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FIGURE 9.1 Examples of an initial gradient run for the RPC method development 
of different hypothetical samples (run 1 of Table 9.5 or 9.10). (a) Sample for which 


isocratic elution is feasible; (b) sample for which gradient elution is recommended: 
(c) sample that is insufficiently retained for RPC (inset shows expansion of chromato- 
gram); (d ) sample that is too strongly held for RPC; (e) sample that is too complex 


at the column outlet (tg + to + tp). (Reprinted with permission from Ref. 3.) 
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FIGURE 9.1 (Continued) 


Table 9.4, and determine the corresponding % ACN value in the last column 


(“‘isocratie-% B”): 81% AEN, The second-method -development-run_for-this 


example would therefore use 81% ACN as the mobile phase. 
As an alternative to an initial gradient run, a series of isocratic experiments 


can be performed. The initial run should use either 80 or 100% ACN, and 


TABLE 9.4 Use of the Initial Gradient Run (Run 1) to Guide Further 
Method Development* 


Gradi I A 
te? (min) iso? (ftr) (min) Initial % B4 Final % B“ % B(k = 7) 
5 26 0 18 4 
10 33 7 27 16 
15 38 15 35 25 
20 44 23 43 34 
25 49 32 52 42 
30 54 40 60 50 
35 59 48 68 58 
40 64 57 T1 66 
45 f 65 85 74 
50 f 73 93 82 
55 82 100 90 
60 98 


water r mobile phases: See fhe text for delais 
? Retention time of first or last band. 
€ For a retention time of the first band in the tg column, the corresponding retention time in this 


column is the maximum value for isocratic separation to be feasible. 
4 For a retention time of the first band in the tz column, the corresponding value in this column 
gives the recommended initial % ACN for the Jeri 


f Fora 


gives the eona adka final % ACN for the e 
‘For a retention time of the last band in the tg column, this column gives the recommended % 
ACN for isocratic separation in run 2. 
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the ACN concentration should be. reduced successively in 20% increments 
until k > 2 for the last band (tg > 2 min). When k > 2, the % ACN value can 


be reduced in 10% steps until 0.5 < k < 20. This approach is illustrated in Fig. 
9.2 for a typical four-component sample (later referred to as sample A). The 


first experiment (a), with 80% acetonitrile (ACN), yields a k range for the 


sample of 0.1 < k < 0.3. Therefore, 80% ACN as mobile phase is too strong 
for this semple. However, Ney little time 6 1 fou) was ee for this 


where the mobile phase i is ch too strong: 3 a 20% decrease in organic can 
be tried. The resulting separation for 60% ACN is shown in Fig. 9.2b (0.9 < 


k< 12, along with subsequent 50% {c) and 40% ACN (d) runs (note also 
the change in band spacing for this sample as % ACN is varied; peak 4 moves 
relative to the other peaks as % ACN is changed). The 40% ACN (R, = 1.8, 


5< k <7) provides acceptable separation for this example. 
Alternatively, the k values for the last band in the initial run (Fig. 9.22) 
can be used to estimate a good value of % ACN, using the “rule of 3” (Section 


6.2.1.1). A 10% reduction in organic should increase k by about a factor of 3. 
Based on the initial 80% ACN run (0.1 < k < 0.3), we estimate for k > 1 that 
50% ACN would be a 


have eliminated one of the experiments (60% ACN) and reduced the effort 
required to achieve the final separation with 40% ACN. 


9.2.2.2 Gradient Separation. If the initial gradient separation (run 1) sug- 
gests that isocratic elution is not feasible, then further experiments (and the 


final method) should be carried out in a gradient mode. Figure 9.1b illustrates 
this case. Here the retention times of the first and last bands (25 and 63 min, 


= elution will not be possible, assuming that 
all the bands eluting after 5 min are of interest. The value of Atritg = (63 — 25)/ 
60 = 0.63, which is much too large for isocratic separation. Similarly, in Table 


9.4, the maximum retention time forthe last- band_(for-isocratic_separation) 
is 49. min, confirming the need for a gradient separation of this sample. Table 
9.4 can also be used to determine the best initial and final % ACN values for 


the next gradient run. For the intial % ACN, the 25-min value (first-band 
retention time) in the tg column suggests 32% ACN (“initial % B” column); 
similarly, for the final % ACN, 63 min (last band retention time) in the 


tr column suggests 100% ACN (“final % B” column). The next method- 


FIGURE 9.2 Isocratic RPC method development for a four-component sample 
(seethe text for details) Sample _(see-_Table_9.6): 1, G; 2, H, 3,14, K. Conditions: 


_ 15 x 0.46-cm Zorbax SB-C8 column; acetonitrile—buffer mobile phases as indicated 
(2mM potassium phosphate, pH 6.5); 35° C; 2.0 mL/min. (a) 80% ACN; (b) 60% ACN; 


of Ref. 3.] 


1+2 
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development run (run 2) should therefore be carried out with a 32 to 100% 
ACN gradient. 


9.2.2.3 Early or Late Eluters. An initial gradient separation may show ei- 
ther_early or late elution of the sample.Early elution_as in Fig. 9.1¢ is more 


common and may be observed for basic samples that are ionized under the 
conditions of separation (2 < pH < 3). For weak bases (pK, < 8), an increase 


in-pH (eg, to pH 6 or-7)} will decrease sampte ionization and provide—a 
desirable increase in isocratic retention. For strong bases (pK, > 8), the addi- 
tion of a sulfonate ion-pair reagent can similarly increase retention (Section 


7.4). Early elution of the sample is also possible for neutral or acidic com- 
pounds that are very hydrophilic (e.g., small, water-soluble organic molecules 
such as carbohydrates). These samples are likely to be separated better by 


normal-phase HPLC (Part II of Chapter 6, especially Section 6.6.5). In some 
cases, a more retentive column packing (high-surface-area polystyrene or 
graphitized carbon) may provide sufficiently increased RPC retention. 


When the sample components elute mainly after the completion of a 5 to 
100% ACN gradient (as in Fig. 9.1d ), four alternatives are possible. First, the 
use of a THF-water mobile phase may result in satisfactory elution of the 


sample, because THF is considerably stronger than acetonitrile. Second, non- 
aqueous reversed-phase (NARP) HPLC can be tried (Section 6.5), where the 


water is replaced by a stronger, less-polar organic such as MTBE, THF, 


methylene chloride, or ethyl acetate. A gradient from acetonitrile to this 
stronger solvent may result in the elution of the sample under gradient condi- 


tions. 
A third approach exists for the case of neutral samples that are too strongly 
retained in RPC. Compared to RPC, normal-phase HPLC (Part II of Chapter 


6) is expected to provide reduced retention and therefore a better separation. 
The retention of unsubstituted hydrocarbon samples under normal-phase con- 
ditions may be too weak; however, these samples are often better separated 


by gas chromatography [6]. 
Finally, a decrease in retention can be achieved by the use of wide-pore 
(lower-surface-area), more-polar columns such as cyano or triisopropyl. 


9.2.2.4 Very Hydrophobic Cations. Compounds that are both cationic and 


very hydrophobic represent a special case of late elution as in Fig. 9.td, one 


on requires a different approach. When silica-based reversed-phase columns 
are used, hydrophobic cations can be held by both reversed-phase (Cx or Cig) 


and normal-phase (silanol) interactions (Fig. 6.27c and related discussion). 
Reversed-phase interaction leads to stronger retention with low-% B mobile 
phases, and normal-phase interaction leads to stronger retention with high- 


% B mobile phases. Examples of this kind of behavior have been reported 
[7,8], where, as % B increases, sample retention first decreases (RPC behavior) 


and then increases (NPC behavior). However, in most such cases, acceptable 
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retention will usually be observed for an intermediate solvent strength (e.g., 
50% B). 


For extremely hydrophobic cations, one or the other of these two interac- 
tions may result in strong retention regardless of mobile-phase composition 
(% B), so that it proves impossible to elute the sample from a Cg or Cig 


column. In one example of this kind (a basic peptide substituted with a very 
large alkyl group (9]), it was found that an acceptable separation could be 
obtained with NARP conditions and a wide-pore polymeric column (less 


retentive and no silanols). A less-retentive silica-based reversed-phase column 
(wide-pore cyano) performed better, due to acceptable retention plus a higher 
plate number. The latter column also had reduced silanol effects, due to the 


selection of a less-acidic cyano column (Table 5.4). A further decrease in 
retention for hydrophobic cations can be expected as a result of (1) increasing 


7.3.3.2), or (3) adding a 


cationic ion-pair reagent to the mobile phase. 


9.2.2.5 Complex-Samples._An-example-of this-typeis-shown-in-Fig9-te. 


This sample exhibits a large number of overlapping bands that are bunched 
together in the middle of the chromatogram, as opposed to overlapping bands 


of separation usually can be separated (their retention range expanded), by 
changing to more retentive conditions. Samples as in Fig. 9.le contain too 


many components for their complete separation by a single RPC separation. 
A good discussion of this problem has been given [10,11], which suggests that 
an alternative approach to separation should be explored for ‘‘complex” 


samples. 
When only one or a few sample compounds are of interest, it is often 
possible to select separation conditions that allow the resolution of these few 


compounds from the rest of the sample. An example is provided [12] by 
the reversed-phase separation of a 38-peptide mixture from the enzymatic 


hydrolysis of the protein tissue plasminogen activator (TPA). No single set 


of conditions (temperature and gradient steepness varied) was able to separate 
thig entire ape put any Ten RPS ee ye ss casio sa the 


perature. 
The total separation of complex samples can be approached in different 


ways. Some form-of multidimensional separation_is-one-option_{i-e.,- where 
two or more separation procedures are used sequentially). Initial fractions 
from the first el are further separated in a second or following separa- 


tion. i widely applicable technique for achieving multidi- 
mensional separation (Section 4.6), especially when only one or a few com- 
pounds are of interest. In this procedure, an initial separation of the sample 


is carried out on a first column, and a fraction containing the analyte is diverted 
via a switching valve to a second column where the column packing and/or 
mobile phase is different (for a change in selectivity), An example of column 
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switching for this purpose is given in Fig. 6.26 for the assay of parts per trillion 
of a herbicide metabolite in a sample of oats. A second approach for such 


samples is the use of a selective detector such as the mass spectrometer, which 
can recognize (and approximately quantitate) individual compounds even 
when they overlap in the chromatogram. 


Another procedure for dealing with complex samples is to try very different 
separation conditions so as to “open up” the chromatogram and provide more 
room between the first and last peaks (some examples of this can be seen in 


Figs. 2.9 and 7.19). Often a change from reversed-phase to normal-phase 
separation, or vice versa, will change substantially the bunching of a critical 


group-of compounds._If ionizable-compounds_are_present,_a_change-in_pH 


and/or the use of ion pairing can have a very large effect on peak bunching. 
The reverse of the latter approach is illustrated in Fig. 7.8b vs. c, where it was 


desiredto-reduce-the-sample-retention range (and-therefore-increase -peak 
bunching) so as to avoid a need for gradient elution. 


9.2.2.6 No Real Peaks. Other possibilities not illustrated in Fig. 9.1 are also 
possible, following an initial gradient run. The chromatogram may show no 
peaks at all after tọ. This is sometimes due to a poor detector response, or 


the injection of too small a sample. The use of a “universal” detector such 
as the evaporative light-scattering detector (Section 3.3.1) can solve most 
problems of this kind. An absence of peaks may also be an indication of some 


equipment malfunction (faulty gradient mixing, detector bulb burned out, 
etc.). Finally, if no peaks are observed after about 30 min with the strongest 
solvent (i.e., 100% B), it is likely that the wrong separation system is being 


used. For example, if no peaks are visible with a RP system using 100% ACN, 
then me solates of interest likely are too highly retained. “DE to a less- 


may RA desired iok However. a more useful spprdakh may be to 
change to a different method, for example, normal-phase HPLC (see Part II 


of Chapter-6). 
Alternatively, there may be a number of artifactual peaks caused by impure 
mobile-phase solvents or additives (Section 8.5.3.2). Before carrying out the 


initial gradient run as in Fig. 9-1, it is recommended performing a blank 


gradient run to ensure an absence of artifactual peaks in the chromatogram. 


9.2.3 Evaluating Peak Shape and Plate Number 


Once some of the bands in the chromatogram are at least partly resolved (as 


in the 40% ACN run of Fig. 9.2), they should be examined for peak width 
and symmetry. Any indication of peak tailing or distortion requires attention 
(Sections 5.4.2, 5.4.3, and 7.3.3). Silanol effects for silica-based columns are 


of special concern, because silanol interactions should be minimized for a final 
rugged method. Changes in separation conditions for the specific purpose of 


seducing silanol effects can also cause changes in 


TABLE 9.5 Systematic Approach to HPLC Method Development for Regular 


Samples and Isocratic Separation 


Experiment 
Run 1° 


Questions 


See Table 9.3 for other conditions; 5 
to 100% ACN gradient? in 60 min 


1.1 Can reversed-phase HPLC be used 
(no early or late eluters)? 
1.2 Is the sample too complex for a 


single RPC run? 
1.3 Is isocratic or gradient elution 
preferable? 


Run 2° 
% ACN? selected from run 1 and 
Table 9.4 


2.1 Symmetrical peaks? 
2.2 Plate number reasonable? 


2.31s the -k-range-reasonable? 

2.4 Is the separation acceptable?¢ 

2.5 What % ACN should be used for 
run-3-(increase_or-decrease_by 


Run 3° 


10%; change k by 4x or 3x, 
respectively)°? 


% ACN increased by 10 vol %° 


3.1 What is the best % ACN for this 
separation? 
3.2 Is the separation acceptable?? 


Run 3a‘ 
Best % ACN from runs 2 and 3 
Run 4 


3.3 Adequate separation confirmed?4 


Runs 2 and 3 used to estimate best % 
MeOH (Table 9.7 or Fig. 6.4) 


4.1 Is the k range acceptable? 
4.2 Is separation acceptable? 
4.3 What % MeOH should be used for 


Run 5° 
% MeOH increased by 10 vol %° 


run 5? 


5.1 What is the best % MeOH for this 


5.2 Is the separation acceptable?” 
5.3 Does the critical band change 
between best ACN and MeOH 


Run Sa‘ 
Best % MeOH from runs 4 and 5 


runs? (If so, run 6) 


Runs 6 and 7° 
Blend mobile phases (1:1) from runs 
2 and 4 plus runs 3 and 5/ 


5.4 Adequate separation confirmed?4 


6.1 Adequate separation possible with 
any blend of water, methanol, and 


Run 7a° 
Optimum blend of water, methanol, 


acetonitrile?¢ 


7.1 Adequate separation confirmed?? 


and acetonitrile 


a 


? No buffer required for non-ionic samples. 


7.2 Adequate separation possible with 
any ACN-MeOH blend? 


9.2). 


€ Duplicate runs, with different samples if standards available. 


4 Optimize column conditions (optional). 


“10% decrease in % B unless the “rule of 3” predicts k > 20 for last band; in that case, increase B by 10%. 
f Blend equal volumes of mobile phases from runs 2 and 4 or 3 and 5; see discussion of Fig. 6.15. 
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Therefore, method-development experiments that are carried out before sila- 
nol effects are eliminated may have little final value, because retention and 


band spacing will require re-optimization after correction of silanol effects. 
Peak-shape problems in method development should be corrected as soon as 
they are recognized. 


A low plate number N is another indication of some problem, usually 
caused by the choice of initial conditions (assuming that the column is known 
to be “good”). Table 5.9 provides typical N values for columns of different 


length and particle size. If experimental values of N are less than half of these 
values (e.g., < 4000 plates for a 15-cm, 5-~m column at 2 mL/min), experiments 
r for urpose of analyzin solvi robl 


(Sections 5.4 and 7.3.3). When the sample molecular weight is > 500 Da, 
however, somewhat lower values of N can be expected. 


9.3 COMPLETING ISOCRATIC METHOD DEVELOPMENT 


If the initial gradient run as in Fig. 9.1a suggests that isocratic separation is 
possible, the separation of most “regular” samples can be achieved using the 


approach of Table 9.5. If further changes in selectivity are necessary after 
various combinations of acetonitrile and methanol have been investigated, 


Chapter 6 or 7 should be consulted for further options. In this section, three 
examples will be used to illustrate the method-development process of Table 
9.5. anes examples are arawn from a mixture of 11 substituted benzines 


connpasitiod (acetonitrile aa eimslwaiee mixtures 3). Various compounds 
from this study have been combined into new samples of varying complexity, 


to illustrate typical outcomes of the method-development process. 


9-3-1 Optimizing Retenti + Setectivit 


The following examples are based on an initial gradient experiment. If gradient 


equipment is not available, runs 1 to 3 of Table 9.5 can be replaced with three 


or four isocratic runs, as in Fig. 9.2. 


TABLE 9.6 Compounds Used to Formulate the 
Various Samples Described in Section 9.3 


A Benzonitrile G 2-Nitrotoluene 

B p-Cresol H 3-Nitrotoluene 

C 2-Chloroaniline I Toluene 

D 2-Ethylaniline J -Nitro-m-xylene 
E N-Ethylaniline K 4-Nitro-m-toluene 
F 3,4-Dichloroaniline 


10.0 20.0 30.0 
Time (min) 


(a) 


| eM ES SRS CE RTE OP EET CREED ME ere | 


2.0 4.0 6.0 8.0 
Time (min) 


10.0 20.0 
Time (min) 


(c) 


FIGURE 9.3 RPC method development for sample A of Fig. 9.2 according to plan 
of Table 9.5 (beginning with a gradient separation). Conditions and sample as in Fig. 


9.2 exceptas follows: (a) 5 to t00% ACN gradient in 60 min; (b) isocratic separation 
with 40% ACN; (c) isocratic separation with 30% ACN. [Computer simulations (Dry- 
Lab) using data of Ref. 3.] 
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9.3.1.1 Sample A: An Easy Separation, Figure 9.3 (on page 421) illustrates 
method development for the same four-component sample as in Fig. 9.2, but 


employing an initial gradient run in place of the 80% ACN isocratic run of 
Fig. 9.2. The initial gradient run (Fig. 9.3a: run 1, 5 to 100% ACN in 60 min) 
is used to determine the best next experiment. The retention times for the 


first and last peaks are 19 and 24 min, respectively. From Table 9.4, the 
maximum retention time for the last peak is 43 min, so isocratic elution is 
quite feasible. The isocratic mobile phase recommended by Table 9.4 (for last 


band k = 7) is 40% ACN. This corresponds to run 2 of Table 9.5 and is shown 
in Fig. 9.3b. The observed k range for this separation is 5< k <7 and the 


resolution is R, = 1.8. Depending on what is required of this RPC method, 


this second run might be considered adequate, in which case no further change 
in i a dial A is required. 


advisable. thé next epi is to vary % ACN (con 3 of Table 9. 4). A 10% i increase 
in acetonitrile (to 50%) should give an estimated k range of 1.7 to 2.3 (“rule 


of 3,” Section 6.2.1.1), while-a 10% decrease in-% AEN (to 30%) should result 
in a k range of about 15 to 21 (i.e., retention should be acceptable for either 
30 or 50% ACN). However, the separation shown in Fig. 9.3c for 30% ACN 


(run 3)yis disappointing, in that resolution is worse (R, = t.5, due to changes 
in selectivity with % ACN), and the run time is longer. A comparison of Fig. 
9.3b and c suggests that a mobile phase with >40% ACN will give R,< 1.8, 


because the critical band pair 1/2 (for >40% ACN) loses resolution as % 
ACN increases. For this reason, 40% ACN (Fig. 9.35) would be judged near- 
optimum in terms of resolution, and only three experiments have been re- 


quired to arrive at this conclusion. Further “fine tuning” experiments could 
have been carried out to further improve this result, but 40% ACN actually 


does give the best result. 


9.3.1.2 Sample B: A ve areal Ate is 4 shows: ne successive 


sample. The initial gradient run (Fig. 9. 3a: run 1 of Table 9. 5; 5 to 100% ACN/ 
60 min) plus Table 9.4 indicate that isocratic separation is possible [retention 


imes of 9 mi i 
time of the last peak suggests an isocratic mobile phase of 40% ACN, This 
separation (Fig. 9.3b: run 2 of Table 9.5) shows the separation of all nine 


FIGURE 9.4 RPC method development for sample B according to plan of Table 
9.5 (beginning with a gradient separation). Sample (see Table 9.6): 1, A; 2, B; 3, D; 
4, F; 5, G; 6, H; 7, I; 8, J; 9, K. Conditions as in Fig. 9.2 except (a) 5 to 100% ACN 


gradient in 60 min; (b) isocratic separation with 40% ACN; (c) isocratic separation with 
30% ACN; (d ) isocratic separation with 49% ACN (optimum). [Computer simulations 
(DryLab) using data of Ref. 3.] 
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compounds in the sample, but with poor resolution for peak pairs 2/3 and 
8/9. As in the previous example, a change in mobile phase to 30% ACN (run 


3 of Table 9.5) is tried next. Figure 9.4c shows that bands 2 and 3 are now 
totally overlapped, while bands 8/9 separate with a reversal in retention order. 
These two runs (30 and 40% ACN) suggest that an increase in % ACN will 


result in a better separation of bands 2/3 and 8/9 than is found in the 40% 
ACN run. For a mobile phase of 49% ACN (obtained by successive trial and 


separation is still marginal (R, = 0.9). Because the run time is very short 
(<4 min), the further improvement of this separation can make use of a 
change in column conditions (Section 9.3.2 and Fig. 9-7b). 


9.3.1.3 Sample C: A Difficult Separation. The addition of two more com- 


pounds to sample B results inan _ti-component mixture (sample €} that is 
more difficult to separate and requires all the experiments outlined in Table 
9.5. Figure 9.5 is a schematic representation of these experiments. After an 


initial gradient run (run 1), isocratic experiments with two different values of 
% ACN (runs 2 and 3) are carried out with 0.5 < k < 20. If the latter runs 
do not suggest a mobile phase that can provide adequate separation of the 


sample, one or two additional experiments (4 and 5) are run with methanol 
(MeOH) in place of acetonitrile. The methanol mobile phases for runs 4 and 
5 are selected to have about the same solvent strengths (and run times) as 


for runs 2 and 3, respectively (Table 9.7). If the latter two runs do not lead 
to a successful separation with some % MeOH as mobile phase, the methanol 
and acetonitrile mobile phases are compared to see if there is a change in the 


critical band pair(s) upon changing solvents. If this is the case, mixtures of 
methanol and acetonitrile are used next as mobile phase (runs 6 and 7). When 


runs 2 through 7 have been-completed, it should be-clear whether any mobile 
phase composed of water, methanol, and/or acetonitrile can provide a satisfac- 
tory separation. Occasionally, adcitione! runs 8, 9, and 10 ( mg: 9. a may prove 


useful for-a-more-precise ng 
phases containing < 20% or > 80% B when kane POE BA (Section 
10.2) is used. 


e experiments leading € ation of sample C according to the 
scheme of Fig. 9.5 are shown in Fig. 9.6a. The initial gradient run (a, 5 to 
100% ACN/60 min) has the same first and last peaks as in Fig. 9.4. Therefore, 


isocratic separation is possible and the recommended mobile phase for run 2 
is 40% ACN (Table 9.4). Run 3 with 30% ACN is carried out next. Peaks 1, 
3, and 4 are poorly separated in both runs 2 and 3, suggesting that a successful 


separation cannot be achieved with any % ACN value. 
Based on Figs. 9.6a~c (see Table 9.7), runs 4 and 5 are carried out with 
40% MeOH [part (d )] and 50% MeOH [part (e)]. Peaks 1 and 2 are unresolved 


with either methanol-water mobile phase, suggesting that the separation of 
this sample cannot be achieved using any methanol-water mobile phase. 


i hesan iothecritical peak pair (112s. 4) w! kaa 
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low-% ACN | high-% ACN 


{> ) 


(3) Q 


O 


low-% MeOH high-% MeOH 


FIGURE 9.5 Experimental design for method development strategy of Table 9.5. 
See the text for details. 


replaces acetonitrile in the mobile phase. This suggests that some mixture of 


ion of this sample 


Blending the 40% ACN and 50% MeOH mobile phases (1: 1) gives a mobile 
phase containing 20% ACN and 25% MeOH [Fig. 9.6f: run 6]. As expected, 


this separation is better than that provided by either of the binary-solvent 
mobile phases (bands 1 and 3 are the critical pair; R, = 1.1). The 30% ACN 
and 40% MeOH mobile phases are mixed next, to give run 7 [Fig. 9.6g: 15% 
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TABLE 9.7 Equal-Solvent-Strength Mixtures of 
Methanol (MeOH) and Acetonitrile (ACN) 


with Water” 
% ACN % MeOH % ACN % MeOH 
5 7 55 65 
10 14 60 70 
15 21 65 74 
20 28 70 78 
25 34 75 82 
30 40 80 86 
35 45 85 90 
40 50 90 95 
45 55 95 98 
50 60 100 100 


° See also Fig. 6.4. 


ACN and 20% MeOH]. The latter separation shows poorer resolution of band 
pairs 1/3, 6/7, and 8/9. Because the resolution of critical peak pair 1/3 is better 


in run 6 (Fig. 9.6f: 45% organic] compared to run 7 (Fig. 9.6g: 35% organic], 
a further increase in organic is expected to improve the separation of Fig. 
9.6f. The use of 53% organic [Fig. 9.6h:) 23% acetonitrile + 30% methanol] 


provides the best separation seen so far; R, = 1.3. This can be improved 
further by a change in column conditions (Section 9.3.2). 


9.3.1.4 Further Improvements in Separation. If a further improvement in 
separation is required after the various experiments of Table 9.5 or Fig. 9.5 
have been carried out, there are two alternatives. First, column_conditions 


can be optimized as described in following Section 9.3.2. This may be the 
preferred approach, whenever resolution is at least marginal (R, > 0.8) and 


a_longer_run_time_is_not_a_problem. Second, further_changes_in selectivity 
can be attempted by varying other separation conditions (e.g., temperature, 
column type, pH, use of ion pairing, etc.). The choice of which variable to try 


firstin-this-situation-is_indicated-in-Table-9.8,-which_lists_these-variablesin 
order of preference for both neutral and ionic samples. In some cases, other 


FIGURE 9.6 RPC method development for sample C according to plan of Table 


9.5 and Fig. 9.5 (beginning with a gradient separation).Sample_(see Table9.6):1,A; 
2, B; 3, C; 4, D; 5, E; 6, F; 7, G; 8, H; 9, I; 10, J; 11, K. Conditions as in Figs. 9.2 and 
9.4 except for additional compounds in sample and use of different mobile phases: 


(a) run 1, 5 to 100% ACN in 60 min; (6) run 2, 40% ACN; (c) run 3, 30% ACN; 
(d) run 4, 40% MeOH; (e) run 5, 50% MeOH; (f) run 6, 20% ACN + 25% MeOH; 
(g) run 7, 15% ACN + 20% MeOH; (A) run 8, mobile-phase water reduced: 23% ACN 
and 30% MeOH (R, = 1.3). (Computer simulations (DryLab) using data of Ref. 3.] 
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FIGURE 9.6 (Continued) 
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considerations may suggest a different prioritization of further experiments. 
The investigation of these additional variables should be guided by the general 


—————————discussion of Sections 6.3, 7-3-2, and 7-4- 


9.3.1.5 Changing the Method for Later Samples or Applications. Some- 


times, the initial sample for which a method is developed will not be representa- 
tive of later samples. The most common example is when a new interference, 
impurity, metabolite, or degradation product appears in a later sample. This 


becomes a problem when the new sample component overlaps an analyte 
band in the chromatogram. Two approaches are possible in this situation. 
First, because_of the limited numberof experiments_required_in Table_9.5, 


method development can be repeated beginning with run 2 and continued 
until the separation of all sample components of interest has been achieved. 


A second (trial-and-error) approach _is_to-adjust different-conditions _(%_B, 
proportions of ACN, MeOH, THF, temperature, pH, etc.) to see if a small 
change in the method will result in a better separation. The first procedure 


The method initially developed will sometimes be intended for “quick and 
rough” application during the early stages of a research project. For example, 


the method may be used for an approximate assay of product in different 
samples or as a function of reaction conditions. At a later time, more stringent 
assay procedures may be required, application of the method to different 


sample matrices may be needed, and/or additional sample components may 
be encountered. The use of a standardized approach to method development 
as in Table 9.5 by different groups within an organization often makes it easier 


to compare results from initial studies with data obtained at a later time (using 
a necessarily different HPLC method). This approach also makes better use 


of experiments carried out during initial method development research, be- 


cause it can provide confirmation of later work and avoid some surprises. 


TABLE 9.8 Additional Variables for Changing Selectivity and Separation When 


the Approach of Table 9.4 Has Been Unsuccessful” 


Neutral Samples Tonic Samples 
~~~ Column type; cyano or phenyl column Temperature (Section 7.3.2.4) 
(Section 6.3.3) pH (Section 7.3.2.1) 
Temperature (Section 6.3.4) Column type; cyano or pheny! column 
THF as solvent Section 6.3.2) (Section 7.3.2.7} 
Different Cg column (Section 6.3.2) Ion-pair reagent (Section 7.4.3.2) 


THF as solvent 


‘oneal 
modifiers (Section 7.3.2) 


* Variables arranged in order of decreasing promise for reversed-phase HPLC. 
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When the successive change or improvement of a method is anticipated, it is 
advantageous to use the same column packing throughout method devel- 


opment. 


9.3.2 Optimizing Column Conditions 


A change in column length, particle size, or flow rate can sometimes be 


used-to-achieve-an-acceptable-final separation, especially-when-only-a-minor 
improvement in resolution is required. The advantages and disadvantages of 
using different column conditions to improve separation are summarized in 


Table 9.9. Flow rate provides the most convenient and predictable changes 


in separation (no change in k), but only small increases in resolution (for 
lower flow) are likely, with a considerable increase in run time. Increased 


column length provides a larger increase in resolution with less increase in 
run time. 
A smaller particle size is capable of providing better resolution with no 


increase in run time, or faster separations with no loss in resolution. However, 
a change in either column length or particle size can occasionally result in 
changes in selectivity, due to column-packing variability. In this case, it may 


be necessary to readjust the mobile-phase composition, to restore the original 
band spacing. In Fig. 9.4d, resolution of this sample is marginal (R, = 0.9, 


despite optimization of % ACN), but the run time is short (< 4 min). In such 
cases, the first choice is an increase in column length with a decrease in flow 


TABLE 9.9 Pros and Cons of Changing Column Conditions 
(for isocratic separations) 


Variable Features 
Decrease flow rate Can provide a modest increase in resolution 


Increases run time, decreases pressure 


No unintended change in selectivity (same column) 
Increase column length Significant increase in resolution 
Significant increase in run time and pressure 


Unintended change in selectivity possible? 
Decrease particle size Can provide a large increase in resolution 
Provides best compromise between resolution, run time 


and pressure 
Unintended change in selectivity possible! 
Resulting shorter columns make extra-column effects 


more important 
Column problems (blockage) more likely for particles 
< 3.5 um 


“ A change in selectivity can occur because the column packing comes from a different batch 
which is not identical to that contained in the first column used (Section 5.2.4). 
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rate. This option maintains pressure constant with a significant increase in 
resolution and only a modest increase in run time. Fig. 9.7a and b illustrate 


the-effect-of a change in-column_tength from _t5-em_{a} to 25-em_{(b), with a 
simultaneous change in flow rate from 2 mL/min (a) to 1 mL/min (b). Resolu- 
tion is increased from R, = 0.9 to 1.4, while run time increases to 11 min. For 


a sample of this complexity (9 components), this could be an acceptable 
separation. To increase resolution without increasing run time, decrease parti- 
cle size (e.g., from 5 to 3.5 um) and length (e.g., from 25 to 15 cm) simultane- 


ously. 
A similar increase in resolution can be achieved for sample C in Fig. 9.6h, 
as shown in Fig. 9.7c and d. For the same change in column conditions (to a 


25-cm column, 1.0 mL/min), resolution is increased from R, = 1.3 (marginal) 
in (c) to 2.0 opran in (a), while run time increases rom 4.5 to 14 min. 


resolution i is greater than required (R, >> 2). Usually, the best Spel is 
a decrease in column length plus an increase in flow rate. 


9.4 ALTERNATIVE TO COMPLETING ISOCRATIC 


METHOD DEVELOPMENT 


ous ae in ‘solvent Dine (ACN a MeOH) aa tena (% B). An 
alternative approach is to vary solvent strength (% B) and temperature (T) 


and it involves fewer runs, especially when carried out in a gradient mode 
(Section 9.5). A change in temperature can have a pronounced effect on 


selectivity for the case of ionic samples but is less effective for neutral samples. 
Figure 9.8a shows the sequence of runs, following an initial gradient run. 
Runs 1 and 2 correspond to runs 2 and 3 of Fig. 9.5. Runs 3 and 4 of Fig. 


9.8a are then repeats of runs 2 and 3, but with the temperature increased. 
These four runs can suggest further changes in either % ACN or T for improved 
band spacing and separation. If computer simulation is used (Section 10.2), 


the four runs of Fig. 9.8a allow separation to be predicted for any value of 
% ACN or T. The approach of Fig. 9.8a is more effective for ionic samples 


compared to unsubstituted or monosubstituted compounds [15,16]. 
If the temperature is increased above 50°C, it becomes important to thermo- 


stat the sample -valve-and-the mobile phase entering the column [13}- Other- 
wise, the bandwidths can increase by a factor of 2 or more, leading to poor 
resolution of the sample. For operation with low-pH mobile phases, it is 


necessary to use a stable column packing (polymeric or sterically protected 
phases; Section 5.2.3.4). 


2.0 4.0 6.0 8.0 10.0 12.0 


Time (min) 


(c) 


Time (min) 


(d) 
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Low %-ACN, High %-ACN, 60 min 20 min 
low T low T : : 
35°C :--- 
65°C .--- 
Low %-ACN, High %-ACN, 
high T high T 


(a) (b) 
FIGURE 9.8 Method development based on changes in solvent strength and tempera- 


ture. (a) Isocratic method; (b) gradient method. See the text for details. 


9.5 COMPLETING GRADIENT METHOD DEVELOPMENT 


An initial erodicn| eee as in Pe 9. 1b es ther isocratic elution is 


s, W q nmay 
provide a aua separation with jens method development e effort, betatse 
solvent-strength selectivity can be used more effectively in gradient elution 


(cf Sections 6.3.t and 8.4.2). Simple changes in gradient steepness provide a 
powerful means for adjusting band spacing for most samples [15,16]. 
Table 9.10 outlines the recommended approach to the development of a 


gradient method. This method development strategy will be illustrated (Fig. 
9.9) with a sample that contains 19 basic drug compounds. The first experiment 
is the same as for isocratic method development: an exploratory gradient run 


from 5 to 100% ACN in 60 min (Fig. 9.9a). The resulting chromatogram is 
evaluated using Table 9.4. The retention times of the first and last bands in 
Fig. 9.9a are 2 and 23 min. According to Table 9.4, an isocratic method may 


be possible, but just barely. When isocratic separation is marginal because of 
the expected wide range in k values, especially when the sample contains a 


FIGURE 9.7 Use of a change in column conditions to improve separation. (a) Same 


as Fig. 9.4d (15-cm column, 2.0 mL/min); (b) same as (a), except 25-cm column and 
1.0 mL/min; (c) same as Fig. 9.6h (15-cm column, 2.0 mL/min); (d ) same as (c), except 
25-cm column and 1.0 mL/min. 
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TABLE 9.10 Systematic Approach to HPLC Method Development for Regular 
Samples and Gradient Separation” 


Run 1. 5-100% B in 60 min (1.6%/min); 15 x 0.46-cm column, 2.0 mL/min; 35 to 
40°C. 
Run 2. Adjust initial and final % B values according to Table 9.4; increase 


gradient steepness to about 5%/min; examine the critical band pairs in 
runs 1 and 2; is R, > 0.7 possible with any gradient steepness? 
Run 3. Repeat the separation of run 2, except for an increase in temperature to 


60 to 70°C. 
Run 4. Repeat the separation of run 3, except for a threefold increase in 
gradient time; examine the critical band-pairs in runs 1 to 4; is any 


gradient steepness or temperature likely to result in R, > 0.7 for all 
bands? 


Run 5. If R, > 0.7 appears possible, perform a separation under these 
titi 


Run 6. If R, requires an increase, change column conditions to achieve this goal. 
Run 7. If changes in gradient steepness or temperature do not permit an 


or acetonitrile-methanol mixtures as in Table 9.5 or Fig. 9.5 (use 
steeper gradients instead of high percent organic). If this approach 


fails, explore the use of other variables of Table 9.8 


* See Table 9.3 for other conditions. Perform successive experiments until a successful separation 
is achieved. 


large number of components (>10), the development of a final separation 


will usually be much easier using gradient elution. For this reason, further 
experiments were carried out in a gradient mode. 
The next step is to adjust the gradient range for “best” values of the initial 


and final % B. From Table 9.4, the recommended initial % B is 0% (first-band 
retention time = 2 min), and the recommended final % B is 47% (last-band 


____ retention time = 23 min). The second experiment should be carried out with 
this new gradient range and a steeper gradient (about 5%/min) to explore the 
effect of PE steepness on band spacing. A run with 0 to 47% B in 10 min 


(a}|Fourteen- bands 
were resolved i in part (a) and 17 bands are visible in part (b). Contrary to the 
usual case (Section 8.3.2), an increase in gradient steepness (b vs. a) has 


resulted in better overall separation of this sample. The critical band pairs in 
run-2 (Fig. 9.95) are 3/4 and 8/9. Since these bands are also unresolved in 
run 1, no further adjustment of gradient steepness can resolve these bands. 


The next step is a change in temperature, especially for ionic samples (as 
in the present case). Run 2 is repeated with an increase in temperature up to 
60 to 70°C (other conditions the same). This experiment is shown in Fig. 9.9c 


(60°C), where significant changes in band spacing are observed. Bands 3/4 are 
now partially resolved, but bands 12/13 have merged together. Since the critical 
resolution of the sample is still R, < 0.7, run 4 is carried out with a flatter 


gradient (for a change in band spacing): 0 to 47% ACN in 30 min (Fig. 9.9). 


14 


8 
2=4 
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+ 
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2.0 4.0 6.0 8.0 10.0 


(c) 
FIGURE 9.9 Method development for a 19-component basic drug sample. Condi- 


tions: 15 X 0.46-cm 5-~m Zorbax Rx-C18 column; gradient runs with 0.1% TFA-—water 
as A-solvent and 0.1% TFA-acetonitrile as B-solvent; 2.0 mL/min; other conditions 
as noted for each chromatogram. (a) 5 to 100% B in 60 min, 30°C; (b) 0 to 47% B in 


10 min, 30°C; (c) 0 to 47% B in 10 min, 60°C; (d ) 0 to 47% B in 30 min, 60°C; (e) 0 
to 47% B in 36 min, 60°C; (f) 0 to 47% B in 72 min, 30 x 0.46-cm column, 3.5-~4m 
particles, 2 mL/min. Insert shows expansion of bands 1 to 3 for better visualization. 


(Computer simulations using data of Ref. 13.) 
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ath 


10.0 20.0 30.0 40.0 


Time (min) 
(f) 


FIGURE 9.9 (Continued) 
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All but one band pair (12/14) are now resolved with R, > 0.7, and bands 
12/14 can be separated by a change in gradient steepness, as seen in part (c). 


A-comparison of Fig 9.9c and d suggests the use of a longer gradient: run 5 
with a gradient time of 36 min is shown in Fig. 9.9e; R, > 0.7 for all 19 bands. 
Further ee in band baa could be mans by changing to pethar 


this could voire considerable widitional nn with. no promise of SUCCESS, 
because of the large number of sample components. A more reasonable ap- 


proach at this point is to improve resolution by a change in column conditions 
(see the similar discussion of Section 9.3.2). In the present example, a change 
to a more efficient 30 X 0.46-cm 3.5-um column of the same kind (two 15-cm 


Zorbax RX-C18 columns in series) gave the separation of Fig. 9.9f, where 
R, > 1.3 for all sample components in a run time of under 50 min. Note that 
column backpressure for 3.5-um particle columns may limit the usable length 


to < 30 cm in some cases; a higher temperature often can be used to decrease 
the mobile phase viscosity and column back pressure. 


When changing column length (or flow rate) in gradient elution, it is 


necessary to change gradient time at the same time (Section 8.4.3) to 
maintain the same selectivity and band spacing. If column length is increased 


by_a_factor_x, the gradient time_must_be_increased_by_this_same_factor—If 
flow rate is increased by x-fold, the gradient time must be decreased x- 
fold. A change in particle size does not require any adjustment of gradient 


time._Sineethe-separation—of _Fig.9-9f—uses—a_30-cm—column_vs._a_t5-em 
column in earlier runs, the gradient time must be increased by (30/15)- 
fold, to 72 min. Because the last band leaves the column at 46 min in this 


fast run (part (f)], it would be possible to shorten the gradient to 0 to 
30% ACN in 45 min (Section 8.3.3). 
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COMPUTER-ASSISTED 
METHOD DEVELOPMENT 


10.1 Introduction 


10.1.1 Summary of Commercial Method-Development Software 


10.2 Computer Simulation Software (DryLab) 
10.2.1} Isocratic Separation Varying % B and Column Conditions 


10.2.1.1 Use of Other Variables for Changing Selectivity 
10.2.2 Gradient Separations 
10.2.2.1 Segmented Gradients 


10.2.2.2 Other Applications 
10.3 Software for Solvent-Type Optimization (ICOS, DIAMOND) 
10.4 Grid-Search Software (PESOS) 


10.5 Structure-Based Predictive Software 
10.5.1 ELUEX 
10.5.2 CHROMDREAM 


10.5.3 Special-Purpose Programs 
10.6 Method Ruggedness 


10:7—Peak 
10.7.1 Injection of Standards 
10.7.2 Retention and Area Comparisons 
10.7.3 Trends in Retention 


10.7.4 Spectral Identification 
10.8 Pitfalls 


10.1 INTRODUCTION 


In Chapters 6 to 9 we described a systematic procedure for HPLC method 
development. An initial separation is performed, and the chromatogram is 
evaluated. Based on results from the first run, a second run is carried out and 


assessed. Conditions for a third run are then selected, based on what has been 
learned from the first two experiments. This process is continued until a 
satisfactory separation is achieved. In this “enlightened” trial-and-error ap- 
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proach, the chromatographer is responsible for analyzing each chromatogram, 
determining the conditions for the next run, and carrying out all experiments. 


Effective method development relies on a good understanding of chromato- 
graphic separation and various rules that relate separation to a change in 
conditions. Many of these rules or relationships are quantitative, so that accu- 


rate calculations could be carried out to make better predictions of conditions 
for the next experiment. For example, retention as a function of % B (100¢) 
in reversed-phase HPLC is described accurately as follows: 


log k = log k, — Sd (6.1) 


The quantities kw and S are constants for a given sample compound and specified 
separation conditions. If two experiments are carried out in which only % B is 
varied, it is possible first, to determine values of k, and S for each sample 


ae then to calculate sample retention and separation for any value of 
$ (or % B). Furthermore, the results of these calculations can be displayed in 


a variety of formats (tables, graphs, chromatograms), each of which can help the 


chromatographer to select more quickly the “best” conditions for a given sample. 
The ability to predict a separation starting with only a limited number of 
“real” 


number of runs (> 10) might be required. This will often be true for samples 
that contain more than a half-dozen chemically similar components, and/or for 


___ separations_that_involve_gradient_elution_or_require_the_optimization_of two_or 


more variables. In situations such as this, computer-assisted method development 
can be quite nelpiut Saik with dats from a small number of well-chosèn 


other conditions by calbulations baed o on neither ae or empirical manone 


10.1.1 Summary of Commercial Method-Development Software 


The use of computer programs to facilitate HPLC method development has 


received much attention since the tate 1970s [1-4], and dozens of retated 
papers continue to be published each year. In the present chapter we review 
some commercial computer programs that were available or in use in 1996 


and which have been described and evaluated in the chromatographic litera- 
ture. This software should prove useful and reasonably user-friendly for appli- 
cation to real samples. 


Commercially available method-development software can be classified ac- 
cording to its capabilities or function, as summarized in Table 10.1. Stand-alone 
programs should be distinguished from software that is part of the system control- 


ler or data system. System-integrated software can be more convenient to use; 
data from experimental runs are more readily transferred into the method- 
development program, and the system controller can automatically carry out a 


separation that is judged optimum. The disadvantage of system-integrated soft- 
ware is that it is only available as part of a total HPLC system; cost is relatively 
high and it may not be usable apart from a particular HPLC system. 
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TABLE 10.1 Classification of Commercial Method-Development Software 
According to Its Capability’ 


t1. Change one retention variable at a time, predict separation as a function of 
that variable (DryLab’***, Section 10.2.1) 
2. Change one or more variables at a time, predict separation as a function of 


those variables {(ICOS“**, DIAMOND #* Section 10:3) 
3. Change column conditions (column dimensions, particle size, flow rate), 
predict separation for any column conditions (DryLab?***, 


ENHANCER“4**, Sections 10.2 -and103) 


4. Change gradient conditions, predict separation for any gradient conditions 
(DryLab>***, Section 10.2.2) 


5.—_—Change-one_or more-conditions, examine_experimental chromatograms for 
best separation (PESOS***, Section 10.4) 


6. Expert systems to predict best initial separation conditions on the basis of 
te &* 


y 


sample 

HPLC-METABOLEXPERT”, ProDigest-LC**; Section 10.5) 
7. Expert systems to advise on other aspects of HPLC method development (not 
discussed in this book; see [4]) 


“Examples of each computer program given in parentheses. These computer programs were 
commercially available in 1996. Key: *, stand-alone software; **, integrated-system software, ***, 


b LC Resources, Walnut Creek, CA. (Simultaneous change in two variables possible with DryLab 
2.0 introduced in 1997). 
© Hewlett-Packard, Wilmington, DE. 


4 ATI, Cambridge, UK (formerly Philips). 
€ Perkin-Elmer Corp., Nowwalk, CT. 
fCompuDrug, Budapest, Hungary. 


+H- Knauer GmbH, Berlin, Germany. 
* Synthetic Peptides, Alberta, Canada. 


10.2 COMPUTER SIMULATION SOFTWARE (DRYLAB) 


DryLab (LC Resources, Walnut Creek, California) is a widely used program 
for “computer simulation” that allows one variable at a time to be changed 
(5-11]. This software can be used in the same way that manual method 


development _is_carried_out_(Chapters_6to_9 and_11). On_the_basis_of two 


or three real experiments with a given sample, the program can predict 
separation for other conditions: varying mooie. ps es ea tempera: 


(column dimensions, particle size, flow ae DryLab sofware is available 
as a stand-alone program in either Windows or Macintosh format; it is 


also incorporated into some Perkin-Elmer system controllers and data 
systems. The application and accuracy of DryLab predictions for real 
samples have been described [12-19]. 
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2+3+4 =. 


(a) 


0 10 20 
Time (min) 


(c) 


FIGURE 10.1 Developing a separation for limonene in citrus oil using DryLab 
software. (a) Separation of five components of interest using a 5 to 100% ACN-water 


simulated chromatogram; (b), same as (a), except 60-min gradient, (c), simulated 
isocratic chromatogram for 37% B; (d) DryLab resolution map for five-component 
sample as a function of % B; (e) simulated chromatogram for 27% ACN [maximum 


R, from (d) or Table 10.2b]. Compounds 1, 2, and 5 are unknowns, compound 3 is 
limonene, and compound 4 is psoralen. Vertical line at 2 min for (a)-(c) and (e) mark 
ty. (Adapted from Ref. 20.) 
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FIGURE 10.1 (Continued) 


10.2.1 Isocratic Separation Varying % B and Column Conditions 


WO ISO atic OT gradien runs are required to if ate VTYLav CO ptiter simu 
tion. With either pair of starting runs, isocratic separation can be predicted as a 
function of % B and column conditions (column length and diameter, particle 


size, and flow rate). How DryLab works and what it can do wilt be illustrated 
by an example: the assay for limonene in citrus juices [20]. The data reported 
in 1988 [20] allow us to reconstruct the development of the final method as it 


could be carried out using DryLab/Windows software that is available today. 
When developing an isocratic (or gradient) method, DryLab allows the user to 
start with two gradient runs. This is illustrated in Fig. 10.1a and b for two 5 to 


100% acetonitrile (ACN)-water gradients in 20 and 60 min, respectively. 
The separation conditions (column dimensions, mobile phase, flow rate, 
gradient conditions) plus the retention times and band areas for all bands of 
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interest (Fig. 10.ia and b) are transferred next from the HPLC data system 
into the DryLab program. In this case, limonene (peak 3 in Fig. 10a and b) 


and four potential interferences were taken into account. Alternatively, two 
isocratic runs (only % ACN varied) can be substituted for the gradient runs 
of Fig. 10.1a and b. However, a limitation on the use of isocratic data is that 


advance information is needed concerning the % ACN values that will give 
0.5 < k < 20 for all bands in the two isocratic runs (an initial gradient run 
as discussed in Section 8.2.2.2 could be used for this purpose). 


After data for the two initial separations are entered into DryLab, computer 
simulation can begin. For isocratic separation of the present citrus juice sample, 


chromatograms or tables of relevant separation n be called up for any 


value of % ACN (% B) and for any set of column conditions. This is similar 
to method development carried out without the help of a computer. Figure 


10.1¢-and-Table10.2a_are-examples_of computer simulation for an-arbitrary 


TABLE 10.2 Abbreviation of Tables of Citrus Oil Separation of Fig. 10.1 
Provided by DryLab Software During Method Development 


(a) Data fori : on with 37% tile TER 


Peak Peak name Retention Time (min) k R“ 


1 Unknown 8.3 3.0 4.4 
2 Unknown 12.0 4.9 0.0 
3 Limonene 12.0 4.9 1.3 
4 Psoralen 13.5 5.6 0.8 
5 Unknown 20.9 9.1 — 
(b) Resolution, run time, and range in & for different % B values 
% B? = Minimum R, Critical Pair‘ Run Time (min) k Range“ 
20 0.7 1/3 167 24-81 
24 1,9 1/3. 104 15-49 
27 2.3 1/3 69 10-32 
28 2.3 2/3 61 9-29 
29 2.0 2/3 54 8-26 
30 1.8 2/3 48 7-22 
31 1.5 2/3 42 6-20 
32 1.3 2/3 38 6-17 
34 0.7 2/3 31 4-13 
36 0.2 2/3 23 3-10 
40 0.3 3/4 15 2-6 
44 0.2 3/4 10 1-4 


* Resolution between pairs of adjacent bands (e.g., R, = 4.1 for bands | and 2). 
» Selected-% B values shown; actual computer_output_is for 0-100% B in 1% B increments. 


€ In this case, one band is always limonene (band 3). 
4k values for first and last bands in the chromatogram (e.g.. for 20% B, k = 24 for the band I 
and k = 82 for band 5). 
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% B value: 37% B. The run time (elution of last band 5 in Fig. 10.1c) is 
acceptable (21 min, k = 9), but the limonene band (band 3, identified by 


by-band {R= 0-0} 
Other % B values could be tried, but a better procedure is to look at a 
separation summary in the form of either a resolution table (Table 10.2b) or 


map (Fig. 10:ta). 


Since only the separation of limonene is required in this method, a resolu- 
tion map can be requested for the separation of this compound (band 3) from 


all other bands in the chromatogram. The resolution map of Fig. 10.1d is a 
plot of R, for limonene (band 3) only as a function of % B; the numbers in 
the figure indicate critical (most overlapped) band pairs. In those cases where 


all the sample components are of interest, an alternative form of the resolution 
map is available that plots R, for every critical band pair as a function of 
% B or other variable (see the discussion of Fig. 2.4). The best possible 


resolution in Table 10.25 or Fig. 10.1d is for 27% B (runs with < 10% B are 
impractical because of excessive retention). The simulated chromatogram for 
27% B is shown in Fig. 10.le; however, run time is long (> 70 min), and k 


for the last band is excessive (k = 33). The resolution table of Table 10.25 
shows that baseline resolution (R, > 1.5) will result for 23 < % B < 31%, 
while a retention range of 0.5 < k < 20 requires 31 < % B < 44. This suggests 


that the value of % B should be close to 31%. Unfortunately, a mobile phase 
with 31% B requires a run time of 42 min, which is too long a procedure for 


the assay of a large number of samples. 


Further trail-and-error computer simulations were carried out to achieve a 
reasonable compromise between resolution and run time (similar to trial- and- 


“es 


ments” involved changes in both % B and column conditions (column length, 
particle size, flow rate). The final separation chosen on the basis of these simula- 


tions_used-32%_B_and_an_increase_in_flow_rate_from_0.5 to-0.9 mL/min_(same 
column). The resulting simulated chromatogram is shown in Fig. 10.2a: R, = 1.2 
(less than baseline separation, but considered acceptable by the chromatogra- 


pher),6<k<17_and the runtime is-about 25-min—An_actual sample-was-run 
under these same conditions and is shown in Fig. 10.25; there is good agreement 
between predicted (Fig. 10.22) and actual (Fig. 10.2b) separations. 


In-this-example—of-computer-assisted-method 
were able quickly to define the “best” mobile-phase composition (30 to 
32% B). Further adjustment of % B within this range of acceptable values 


plus-a-change in flow rate (based on trial-and-error simulations) ted to-a 
compromise set of conditions (Fig. 10.25) that satisfied the chromatographer. 
This example illustrates how the experience of the chromatographer can be 


combined with computer simulation to explore anumber of potentially promis- 


ing conditions in a short time (about 30 min of computer simulation time in this 
example, compared to 1 or 2 days for the corresponding “real” experiments). 


10.2.1.1 Use of Other Variables for Changing Selectivity. Any variable 
(solvent type, pH, temperature, etc.) can be changed, after which computer 
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G timonin 


l | 
10 20 


(b) 


FIGURE 10.2 Predicted and actual chromatograms for “best” separation of limonene 


in a citrus oil sample. Conditions as in Fig. 10.1 unless noted otherwise. (a) Separation 
predicted by DryLab, 32% ACN and 0.9 mL/min; (b) actual separation for conditions 
of (a). (Reprinted in part with permission from Ref. 20.) 


in order to select the best value of % B. Successive pairs of such experiments 
with acetonitrile, methanol, or tetrahydrofuran as the organic solvent B com- 


—__________bine-solvent-type_selectivity_with solvent-strength selectivity (%-B}-Fhis-ap- 
proach has achieved the separation of several moderately challenging sam- 
ples [8,21]. 


DryLab—also-allows-computer-simulation for-changes in variables-other 
than % B or column conditions: ternary-solvent composition (mixtures of two 
organic solvents with water), pH, temperature, and buffer, ion-pair-reagent 


or amine-modifier concentrations. These options permit the rapid, one-at-a- 
time exploration of several different variables for controlling selectivity and 
separation, as illustrated in the next example. Data have been reported [22] 


for the separation of a mixture of substituted benzoic acids as a function of 
% B, pH, temperature and buffer concentration (ionic strength). Computer 
simulation was used to optimize the separation of the nine compounds in this 
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sample as outlined in Fig. 10.3. An initial gradient run (Fig. 10.3a) was used 
to select conditions for the second separation (Fig. 10.3b) by isocratic elution 


———————Seetion-8.2,2.2): 49% methanol {40% B)._The_tatter-separation, referred to 
here as the reference run, was used as the starting point for mapping resolution 
as a function of several variables. Figure 10.3c shows the reference run at the 


‘vit of this 1=di ionat nt ircte), with % B changing al 
axis (A% B), temperature changing along a second axis (AT), and pH changing 
along a third axis (ApH). One additional experiment is required to predict 


separation as a function of % B (run 3, +10% B) or temperature (run 4, + 


First run 
5-100% B -~ 


m4 


Second run 
40% B A&B 


ao 2.9 78 na 157~ 19.6 
(nin) 


(b) 


=< AT (°C) 


ApH. 


te) 


FIGURE 10.3 Schematic representation of the use of DryLab to optimize the separa- 
tion of a sample using more than one variable to change selectivity. (a) Initial gradient 


run; (b) second isocratic run suggested by (a); (c) use of run (b) as starting point for 
changing other variables (% B, temperature T, and pH). o, reference run (b); 
@, required experimental runs to permit computer simulation. 
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10°C), and two additional runs are required for predictions of separation as 
a function of pH (runs 5 and 6). The latter experiments are shown as solid 


two additional runs (runs 7 and 8). 
The five experiments indicated in Fig. 10.3c (solid and open circles) plus 


two additional runs with buffer concentration varying were carried out for 
this sample (other conditions the same as in Fig. 10.35). When data for these 
separations were entered into DryLab, separation could be predicted as a 


function of each of these four variables (only one variable changing at a time). 
Figure 10.4a to d show the resulting resolution maps as a function of each of 
these separation conditions; the vertical dotted line indicates the condition 


for the starting reference run. Each of the four variables has a significant 
effect on resolution, but a change in % B (Fig. 10.45) allows the largest increase 
in_R,:R, = 1.8 for 36% B, vs. R, = 1.1 for the reference run (40% B). The 


reference run is shown in Fig. 10.5a: 40% B, 35°C, pH 2.95, and 25 mM buffer. 
Resolution can be increneee ee a starting with the 26% Brun (other 


buffer contcentration (the most promising variables after % B; see Fig 10.4a 
to d). This requires an additional run with only temperature varying (36% B, 


pH 2.95,-25-mM™)-and-two-additional runs-with-only-buffer-concentration 
varying (36% B, pH 2.95, 35°C). The resulting resolution maps from the latter 
experiments are shown in Fig. 10.4e and f A change in buffer concentration 


provides little increase in resolution, but a temperature change to 32°C (from 
35°C for the reference run) yields a small improvement: R, = 2.1 vs. 1.8 for 
35°C. The fatter separation (32°C, 36% B) is shown in Fig. 10.55 (simulated) 


and c (actual). 
Figure 10.5 shows the improvement in resolution for the final run [part (c)] 
vs. the starting reference run [part (a)]. Retention times and resolution are 


predicted accurately [part (b), simulated, vs. part (c), experimental). Method 
ruggedness can also be evaluated (and improved) from these computer simula- 
tions, as discussed in Section 10.6. 


10.2.2 Gradient Separations 


Computer simulation is especially useful in developing a gradient method 
{7,8,23-25], because of the additional parameters that require optimization: 


FIGURE 10.4 Resolution maps for substituted benzoic acid sample and different 
variables. For maps of (a) to (d), the reference run is 40% methanol—buffer (% B); 
pH 2.9, 25 mM acetate buffer, 35°C; for maps (e) and (f), the reference run is the 
same, except 36% B; dotted lines indicate a reference condition. A nine-component 


sample is a mixture of following benzoic acid (BA) derivatives: 2-nitro BA, phthalic 
acid, impurity, 2-fluoro BA, 3-cyano BA, 2-chloro BA, 3-nitro BA, 3-fluoro BA, and 
2,6-dimethy! BA. (Reprinted with permission from Ref. 22.) 
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R =1.14 


(a) 


0.0 5.0 10.0 14.9 19.9 24.9 
(b) 


0 5 10 15 20 


min 


(c) 
FIGURE 10.5 Initial (a) and final (b,c) isocratic separations of substituted benzoic 


acid sample. (a) 40% B and 35°C; (b) 36% B and 32°C (DryLab prediction); (c) 36% 
B and 32°C (actual separation). Other conditions as in Fig. 10.4. (Reprinted with 
permission from Ref. 22.) 


10.2 COMPUTER SIMULATION SOFTWARE (DRYLAB) 451 


initial and final % B, gradient time or steepness, gradient shape. A manual 
approach to gradient method development can require a large number of 


trial-and-error experiments, but these experiments can be carried out ina 
short time using computer simulation. In addition, summary tables and resolu- 
tion maps are available to minimize the number of required simulations, as 


illustrated below. 
A 15-component herbicide sample [7] will be used as an example of 
DryLab method development for a final gradient elution separation. Fig- 


ure 10.6a and b show two initial experimental runs carried out prior to 
computer simulation. Gradient times were 30 min (a) and 90 min (b), with 
other conditions the same (5 to 80% ACN -water, 25 X 0.46-cm, 5-um Cg 


column; 35°C, 2.0 mL/min). These run conditions, retention times, and 
band areas were entered into the computer. A resolution map vs. gradient 


time is usually the best starting point for computer simulation (Fig. 10.6c). 
Note that DryLab can extrapolate from the original gradient times: experi- 
mental 30- and 90-min gradients; predictions for 5- to 120-min gradients 


(Fig. 10.6c). Six band reversals are observed in Fig. 10.6c as gradient time 
is changed from 5 to 90 min. Trial-and-error changes in gradient time 
would not readily lead to the best separation, but the resolution map 


time:>t6.S-min ({arrow-in Fig._10-6c) 


R, = 1.0, from which an optimum gradient steepness can also be calculated 
[(80 — 5)/16.5 = 4.5% B/min]. 


The gradient range can be adjusted to shorten the run time (Section 
8.3.3). Trial-and-error simulations led to a preferred gradient of 10 to 77% 
B in 15 min (4.5% B/min). Although the run time is satisfactory, the 


resolution (R, = 1.0) was not. Changes in column length and flow rate 
were explored next by computer simulation. After several trial-and-error 
simulations, the final column conditions selected were a 50-cm column 


length (two 25-cm columns in series) and a flow rate of 1.0 mL/min. For 
these conditions, baseline resolution (R, = 1.5) was predicted as shown in 
Fig. 10.6d (inset is a blowup of critical bands 5 to 11). The column pressure 


drop was also acceptable, varying from 1100 to 2000 psi during the gradient. 
There is good agreement between predicted (Fig. 10.6d) and actual (Fig. 


10.6e) 


When changing column conditions, it is necessary to adjust the gradient 
time to maintain the gradient parameter G, constant (Eq. 8.2a). Otherwise, 


selectivity-are-noongeropti- 
mum. DryLab makes this adjustment in gradient time automatically, when 
either column dimensions or flow rate are varied. In the present case, where 


column tength is increased twofold and flow rate is decreased twofold, the 
preceding 15-min gradient time (chosen before column conditions were varied) 
must be increased by 2 X 2 = fourfold to 60 min (see the discussion of Fig. 


8.16). 
In another study [26,27], DryLab simulations at two different temperatures 
were able to combine the selectivity effects of gradient steepness and tempera- 
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ture. This enabled a remarkable control over selectivity for the separation of 
several peptide and protein samples. Similar effects can be expected for other 


ionic samples. 


10.2.2.1 Segmented Gradients. The previous example (Fig. 10.6) illustrates 


the ability of computer simulation to facilitate the development of an HPLC 
method based on a linear gradient. When segmented or other non-linear 
gradients are advantageous (Section 8.3.4), computer simulation becomes even 


more useful [23,24,28], because such separations can require a large number 
of trial-and-error runs to optimize gradient conditions. The examples of Figs. 
8.12 (peptide sample) and 8.13 (polyaromatic hydrocarbons) each involve a 


segmented gradient that was developed using DryLab software. Figure 10.6f 
shows the benefit of a segmented gradient for shortening the run time of the 


________herbicide sample [52 min vs.72 min in part _(e)] without affecting resolution 
(R; = 1.5). 
In other cases involving the reversed-phase gradient separation of protein 


Amnanen å A A agmen 


samples 


were required to achieve an acceptable resolution for these samples. The 
steepness of each segment was varied to optimize band spacing and resolution 


O O OU Da G 


for the i ; 
simulation, the development of these separations would have been unlikely. 
Some practical rules for the best use of computer simulation in designing 


segmented gradients are given in Ref. 24. The steepness of the first segment 
should be selected to optimize the resolution of the first critical band pair in 
the chromatogram. The end of this segment should reach the column outlet 


at the same time this first critical band pair leaves the column. The next 
segment should be selected to optimize the resolution of the next critical band 
pair in the chromatogram, and so on. An example of this approach is given 


in Fig. 8.13d. The use of more than four gradient segments is hardly ever 
useful, especially for samples of molecular weight below 5000. 


10.2.2.2 Other Applications. Because of differences in the hold-up volume 
(dwell volume, Vp) for different gradient HPLC systems, a method developed 


F] R 0.6 Developing pradient method fo he sep ion o -componen 


herbicide sample using computer simulation. (a) Initial experiment; conditions: 
25 x 0.46-cm Cg column, 5 to 80% acetonitrile—water gradient in 30 min, 2.0 mL/min, 
35°C; (b) same as (a), except 90-min gradient; (c) resolution map as a function of 


gradient time (arrow indicates maximum R,); (d ) predicted final optimized separation; 
10 to 77% B gradient in 60 min, 50 X 0.46-cm column, 1.0 mL/min, other conditions 
as in (a) (inset shows magnification of peaks 5 to 10); (e) experimental separation for 


conditions of (d y, (f) simulated separation with segmented gradient to shorten run 
time without reducing resolution [10:49:100% B in 0/37/41 min, other conditions as in 
(d )}; gradient shown as dashed curve. (Reprinted with permission from Ref. 7.) 
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on one system may not perform the same way on a second system (Section 
8.5.1). Whenever the dwell volume for the second HPLC system is greater, 


all sample_retention times-will be-inereased_relative_to_the-first-system.By 
itself, this shift in retention times need not compromise the method. For some 
samples, however, a change in dwell volume can dramatically affect resolution 


at the beginning of the chromatogram (e.g, Fig. 8.185 and c). This potential 
problem can be evaluated using computer simulation [29] simply by entering 
different values of Vp into the program and determining the effect on separa- 


tion. In this way, a method that may not work for a different gradient system 
can be identified before sending the method to another laboratory. In some 
cases (Section 8.5.1.3), it is possible to modify a gradient method to make it 


less sensitive to differences in dwell volume. Computer simulation can also 
be used to modify a method for increased ruggedness (Section 10.6). 
is also useful for determining the dwell volume of 


any gradient system. If three gradient experiments with different gradient 
times y g., 30, 60, and 0 my are carried out, and two runs used as mpal 


can be varied until predictions of retention time e for the third t run (30 min) 
agree with experimental values. The dwell volume that provides the best fit 


—~~~~~~~~~ ofpredictedandexperimental values is then equat to the true dwell volume 


for the system. 


10.3 SOFTWARE FOR SOLVENT-TYPE OPTIMIZATION 
(ICOS DIAMOND) 


An early example of computer-assisted HPLC method development is solvent- 
type optimization for reversed-phase HPLC as described by Glajch, Kirkland, 
et al. in 1980 [30]. This approach used mixtures of methanol (MeOH), acetoni- 


trile (ACN), and tetrahydrofuran (THF) with water or buffer to vary selectivity 
and optimize separation. Seven solvent mixtures having the same solvent 
strength (similar sample k range) were used as mobile phases, as illustrated 


in Figs. 6.15 and 6.16. Empirical equations that describe k for each sample 
component and different mobile phases can be derived from these data, allow- 


ing values of k and resolution to be predicted for any mixture of these four 
solvents that provides the same solvent strength or range of sample k values. 


The Glajch—Kirkland approach has been extensively studied and applied 


since 1980, and it has been successful in the separation of a wide range of 
samples [30-36]. Two adaptations of this method development software were 
available as commercial products at the time this book was written [37]: ICOS 


integrated software and are similar in their operation. Some features of the 
ICOS software are illustrated in Fig. 10.7. 
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ICOS can be used to optimize selectivity and separation in various ways: 
one-, two-, or three-dimensional modeling. One-dimensional modeling is per- 


formed-in-a-similar-manner_as_for-DryLab._Two-or-more-experiments_are 
carried out (changing only one variable), empirical equations are used to 
describe retention for each compound, and a resolution map is displayed 


or resolution as a functi iti i = 
composition or temperature). One-dimensional operation is illustrated in Fig. 
10.7c, which shows the computer display for the optimization of a ternary- 


solvent mobile phase (ACN-MeOH-water). In this case, mixtures of 75% 
ACN and 80% MeOH were blended for the five experiments required in this 
example (runs 1 to 5 in Fig. 10.7a). Once the retention data for these five 


runs are entered, ICOS can plot retention for each sample component as a 
function of mobile-phase composition [panel (ii) of Fig. 10.7c]. It is seen that 
the first two bands overlap for 75% ACN, while the second and third bands 


overlap for 80% MeOH [arrows in Fig. 10.7c(ii)}. Resolution is plotted vs. 
mobile-phase composition in panel (i) of Fig. 10.7c, and maximum resolution 


occurs for_an intermediate composition. The computer-can-direct the HPLC 


system to carry out the latter separation. The resulting experimental run is 
displayed at the bottom of Fig. 10.7c(iii); the predicted chromatogram is 


Alternatively, two other variables can be optimized simultaneously by ICOS 
(e.g., pH and % MeOH in Fig. 10.75), using 20 experimental runs to initiate 


computer optimization. Three-dimensional modeling, which involves the si- 
multaneous use of additional parameters, generally requires a large number 
of experiments and should be restricted to hard-to-separate multicomponent 


samples. An example is the simultaneous optimization of mixtures of the three 
organic solvents of Fig. 10.7a plus either temperature or percent water (solvent 
strength). ICOS cannot be used for “global optimization” as in the Glajch- 


Kirkland procedure. Once the experimental data are entered, optimization 
can only be carried out in one dimension at a time, as in Fig. 10.7c. 


Two-dimensional modeling by ICOS or DIAMOND most often is based 
on the Glajch-Kirkland scheme but with a total of 10 experiments required 
by DIAMOND and 15 experiments for ICOS (Fig. 10.7a). The use of only 


——— seven different-mobile phases asin Fig.6.15 now-appears insufficient for-very 


precise predictions of retention and separation [38,39]. After carrying out 


FIGURE 10.7 Experimental design and computer screens for ICOS software. 


(a) Recommended experiments for complete solvent-type optimization; (b) recom- 
mended experiments for optimization of % B and pH; (c) computer output at conclusion 
of method development; panel (i) plot of R, vs. mobile-phase composition; panel 


(ii) plots of retention for each band vs. mobile-phase composition; panel (iii) predicted 
and actual chromatograms for optimum mobile-phase composition. See the text for 
details. (Redrawn with permission from Ref. 37.) 
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experiments similar to those of Fig. 10.7a, a resolution map is constructed 
(DIAMOND only) and an optimum separation (e.g., maximum resolution) 


identified for some mixture of MeOH, ACN, and THF. This is illustrated in 
Fig. 10.8 for method development using the DIAMOND program. A sample 
containing 10 phenols was to be separated. Ten experimental runs were carried 


out (analogous to the 15 runs of Fig. 10.7a for ICOS), and resolution maps 
were constructed (plots of R, or a R,-related function) as a function of constant- 


solvent-strength mixtures of MeOH, ACN, and THF. The three-dimensional 
map of Fig. 10.8a shows maximum resolution for this sample with an intermedi- 
ate mixture of MeOH and ACN (no THF). The contour map of Fig. 10.85 


resolution). The contours are color-coded (not shown) for different values of 
resolution. The contour Teso aep is pearewit in ae 10. 8c to show two 


(dark circles); the mobile che: gaine the Foren run ine e pronded the 
separation shown in Fig. 10.8d. 


If only compounds 7 to 9 of Fig. 10.8 are of interest, a new resolution map 
can be constructed for this sample. As seen in Fig. 10.8c (open circles), several 
mobile phases that provide maximum resolution are found for this case. The 


shortest, maximum-resolution separation of compounds 7 to 9 is shown in 
Fig. 10.8e. Note the considerably better separation of bands 7 to 9 in this run 
vs. that of Fig. 10.84, but loss of resolution for bands 3 to 5. One of the benefits 


of this kind of approach is that different “optimized” separations can be 
obtained from the same starting data, depending on the goals of method devel- 
opment. 


ICOS and DIAMOND both provide automatic peak tracking. For ICOS 
this is based on diode-array detection (Section 10.7.4), while DIAMOND uses 


diode-array detection, band area, and/or relative retention [40]. DIAMOND 
can also be used with software (ENHANCER [40]) that predicts the approxi- 
mate effect of column conditions on separation. For additional reports about 


the ICOS and DIAMOND programs _for_retention_optimization, see_Refs. 
41 to 49. Table 10.3 summarizes some important differences between these 
two programs. 


10.4 GRID-SEARCH SOFTWARE (PESOS) 


Grid-search software does not rely on predictions of separation as a function 
of conditions. Rather, the computer directs an HPLC system to carry out 


a relatively large number of predetermined experiments, usually with the 
simultaneous variation of two different conditions. This is illustrated in Fig. 
10.9 for the separation of the previous benzoic acid sample (Figs. 10.4 and 


10.5) as a function of % MeOH and pH. MeOH is varied between 31 and 
43%; pH is varied between 2.8 and 3.1. Examination of each experimental 
run by the computer provides a value of R, (maximum values for each pH 


10.4 GRID-SEARCH SOFTWARE (PESOS) 459 


0.0% THF 0.0% ACN 


62.0% MeOH 38.0% Water 0.0% THF 0.0% ACN 
62.0% MeOH 38.0% Water 


38.4% THF 


0.0% THF % ACN 
48.4% ACN oo MeOH 
0.0% MeOH 61.6% Water 


51.6% Water k- : Sa 
0.0% THF 38.4% THF 


48.4% ACN MeOH ACN THF Naive 0.0% ACN 
(a) 0.0% MeOH 31.0 242 00 4.0E-0002] S'o% MeOH 
51.6% Water (b) 61.6% Water 
62.0% MeOH 


48.4% ACN 38.4% THF 


(e) 


0 5 
(e) time (min) ——> 


FIGURE 10.8 Separation of a sample that contains 10 phenols using the DIAMOND 
software. (a,b) Pseudo-three-dimensional and contour plot resolution maps; arrow 
indicates optimum mobile phase composition (maximum R,); (c) mobile-phase compo- 
sitions for maximum resolution; open circles are for separation of bands 7 to 9 only; 
(d) best separation of all 10 compounds obtained from (c) (filled circles); (e) best 
separation of compounds 7 to 9 obtained from (c) (open circles). (Reprinted with 
permission from Ref. 44.) 


TABLE 10.3 Some Differences in the ICOS and DIAMOND Solvent Optimization Packages 


Attribute DIAMOND ICOS i 
HPLC method: setup run Semi-automatic Semi-automatic 
Outside DIAMOND shell Within ICOS shell 


Solvent plane determination 


PLANE software 
Default range: 1 < k < 10 


Chromatographic data collection 


ESS software 
User-defined items 


rules 
Variable sequence 


Default; fixed- steps 


Fixed sequence 
User- 


Semi-automated 
Other data can be added subsequently 


Fully automated 
Other data can be added subsequently 


Optimization process 


Interactive 
Determines global optimum 


Interactive 
Determines local or linear optimum 


Procedure exploits: 


Semi-automated 


Semi-automated 


Reference spectra 


Yes—spectral reference set created within 


DIAMOND shell 
Refere aoe re $ 


Yes—spectral library set up outside ICOS 
shell 


Peak tracking 


Manual or automatic 


Manual 


Integral part of optimization database 
generation 


Optional—spectral library search can be 
activated manually from within ICOS shell 


Tracking weighted {user-defined values) by 
spectral, peak volume or retention time 
matches 


Tracking by spectral and retention time 


matches (user-defined acceptance criteria) 


Results automatically entered into database, 
but user can modify results of tracking 


Results need to be manually entered into 
ICOS 


Peak homogeneity investigation 


Integral part of data investigation 
Users—PCA information ITTFA 


Optional during data collection 
Uses spectral comparison (Upslope/Apex/ 


Peak retention time input into database 


Integral part of data investigation 


Downslope) 
Chromatographic peak retention data 


Results can be modified by user 


generated during data collection 
User-defined retention times for individual 


Final input into database requires user 
confirmation 


Information from: 


5 
Manual user input of times into database 


Overlapping resolution maps for each peak of 
interest 


Linear interpolation between retention times 
ork values-of peaks-of-interest 


Non-linear interpolation between data points 


Source: Ref45. 


T9 


462 COMPUTER-ASSISTED METHOD DEVELOPMENT 


bathe h@- ba tee 


VRLA RATAS 


LLLP LE LELE 


E 


%B = 31 34 37 40 43 


FIGURE 10.9 Grid-search experiments for separation as a function of percent metha- 


nol and pH. Substituted benzoic acid sample of Fig. 10.4. (Adapted from Ref. 52.) 


MeOH and pH 3.1. 
PESOS [37,50-—52] is a grid-search program that is available for use with 


Perkin-Elmer HPLC systems. It displays the results of experiments as in Fig. 


10.9 in the form of a resolution map, which allows easy selection of the best 
conditions, as well as the assessment of method ruggedness (Section 10.6). 


PESOS is a flexible program that can be used either for detailed mapping as 
in Fig. 10.9 or for a quick survey of separation (smaller number of runs) as 
a function of various conditions. Peak tracking is not required by PESOS, 
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nor are any assumptions made concerning retention behavior or peak shape. 
PESOS can also be used in combination with DryLab [51,52]. 


10.5 STRUCTURE-BASED PREDICTIVE SOFTWARE 


The computer programs of Sections 10.2 and 10.3 start with experimental 
data, from which sample parameters are derived that allow predictions of 


retention and separation for other conditions. A different approach begins 
with the miele structures of the mpi components (assuming these are 


appropriate conditions for an initial run [53- 56]. The main goal of such Sedie 
tions is to achieve a desirable retention range (0.5 < k < 20) in the first 


—experimental_run_There—are_two—limitations_of _these_procedures:_(1) the 


molecular structures of all sample components are often not known, especially 
where the matrix contributes interference bands; and (2) the predicted reten- 


tion times are very approximate, especially for complex molecules that are 


typical of “real”? samples. The latter disadvantage must be weighed against 
the more accurate predictions that are possible if an initial gradient separation 


is carried out (Section 8.2.2.2). 


10.5.1 ELUEX 
ELUEX is stand-alone software produced by CompuDrug Chemistry Ltd. 


the computer, which estimates values of the hydrophobicity and pK, value of 
the compound. If possible, a pH value is selected such that the compound 


will be non-ionized (ion suppression). Alternatively, if this is not possible for 
2 < pH < 7, a pH is selected for complete ionization of the sample. Finally, 
an ACN- or MeOH-~-buffer mobile phase is recommended for the initial 


separation so as to give 1 < k < 5 for all components. 
Two illustrations of this approach are given in Fig. 10.10. In the first example, 
a mixture of triazine herbicides was to be separated. On the basis of the 


sample molecular structures, ELUEX estimated the pK, values for this sample 
as less than 4.5. An initial mobile phase was recommended of 39% ACN-S0 


mM KH>PO, (pH 5.5). The resulting separation is shown in Fig. 10.10a, where 


ł < k < 10. The complete separation of this 11-component sample in the first 
try should be recognized as atypical. 
A second example-of the use of ELUEX is shown in Fig_10.10b and_-c. 


The separation of three chlorophenols was desired, and on the basis of the 
structures of these compounds the program estimated pK, values of 4.7 to 


+9-forthe-sample-Fherecommended-initiamobile-phase-was 79%-ACN= 
buffer (pH 3.5). The resulting separation is shown in Fig. 10.10b, where the 
three bands are separated, but 0.2 < k < 0.8. On the basis of this experiment, 
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FIGURE 10.10 Predictions of the best initial mobile phase by ELUEX. (a) Triazine 
herbicide sample; conditions: 15 X 0.46-cm base-deactivated C,, column, 40% ACN- 
buffer (pH 5.5); (b) chlorophenol sample; conditions: 25 X 0.46-cm C, column, 80% 


ACN-buffer (pH 3.5); (c) same as (b), except 50% ACN -buffer. (Reprinted with 
permission from Ref. 56.) 
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ELUEX recommended a second experiment with 50% ACN ~buffer. This 
separation (Fig. 10.10c) gives a better result (1.5 < k < 6.2). Other exam- 


ples of the use of ELUEX in method development [56] suggest that more 
than one experiment usually will be required to achieve the desired sample 
retention (1 < k < 5) during method development. Predictions of selectivity 


by ELUEX are expected to be quite approximate, so in most cases additional 
experiments will be required for a final separation. 


system for HPLC method development. For example, if tailing bands are 
observed i in the cnromaiopram and this esac is sso to the pe 


mended Predicted chromaiouraas can also be di played or tie Seater 


10.5.2 CHROMDREAM 
CHROMDREAM is a stand-alone program marketed by H. Knauer GmbH 


(Berlin). It predicts retention and separation as a function of solvent type and 
% B and can display chromatograms. An example is shown in Fig. 10.11, 
where (a) predicted and (b) experimental plots of In k vs. % MeOH are 


compared. The agreement for this mixture of simple organic compounds is 
surprisingly good, but similar accuracy cannot be expected for real samples 
that contain very complicated molecules. As noted by the developers of 


CHROMDREAM [57], “the software does not take into account stereochemi- 
cal and intramolecular interaction effects,” and these are common features 
of compounds intended for HPLC separation. 


10.5.3 Special-Purpose Programs 


The preceding structure-based software (Sections 10.5.1 and 10.5.2) is intended 
for ape enon! to ie sel orein iy eras ra as magii be P 


are available DED more specific Applications. PraDiges: LC (Synthetic Peptides, 
Alberta, Canada) can be used for peptide samples that result from the enzy- 


matic digestion of a protein [58,59] If the primary structure of the protein 
and the name of the enzyme (trypsin, chymotrypsin, etc.) are entered into 
the program, a peptide-digest chromatogram can be predicted for separation 


by reversed-phase, ion-exchange, or size-exclusion chromatography. As in 
the case of ELUEX or CHROMDREAM, predictions of selectivity are not 
very accurate. 


HPLC-METABOLEXPERT (CompuDrug, Budapest) begins with the 
structure of a pharmaceutical compound, predicts the most likely metabolites, 
and estimates the retention of each of these compounds [60]. Calculations of 


retention and separation by ProDigest-LC and HPLC-METABOLEXPERT 
are very approximate, but even rough predictions for such samples can be 
u 
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10.6 METHOD RUGGEDNESS 


Sections 10.2 to 10.4 show how a computer can map resolution as a function 
of one or more experimental conditions, in this way pointing the way to 
satisfactory separation. Once a resolution map or table has been constructed, 


it is also possible to test for method ruggedness (i.e., the sensitivity of the 
method to small changes in some experimental variable). This feature is illus- 
trated in Fig. 10.1d and Table 10.26 for the citrus oil separation. In this case, 


a final mobile-phase composition was selected of 32% methanol (Fig. 10.2). 
An experimental error in the % B value of 2% B (which is not unlikely) means 
that an actual mobile phase might consist either of 30% B or 34% B; Table 


10.2a predicts that resolution could then vary between 0.7 and 1.8. Therefore, 
a a poor ied paranon oui occur as a ur of we mich variation in faonile. 


caution 1 the agesin to j prepare the mobile phase as RAE. as ooie. 
The use of computers to evaluate and improve method ruggedness will be 


———————jllustrated-further-with the-example of Fig-t0:4a- to-d_for-the separation of 
the substituted benzoic acid sample, assuming that the method conditions are 
those for the “reference” separation in Fig. 10.5a (not a very good separation!). 


Each resolution map (or corresponding table) can be used to determine the 


effect on resolution of some change in pH, % B, temperature, or buffer 
concentration. This separation is quite sensitive to a change in pH (Fig. 10.4a); 


a decrease in pH of only 0.05 unit (from 2.95 to 2.90) results in very poor 
separation (R, = 0.5). However, the separation is less affected by errors in 
% B, temperature, or buffer concentration (Fig. 10.4b to d). 


The optimized conditions arrived at in Fig. 10.5c (same benzoic acid sample) 
were selected solely on the basis of their effect on sample resolution (i.e., to 


obtain a maximum resolution R, = 2.1). Unfortunately, this method (Fig. 


10.5c) is very sensitive to changes in pH, as illustrated in Fig. 10.12a and b 
for the same separation (nominal pH 2.9), except pH 2.8 or 3.0. Due to the 


from 2.9 to 2.8 (as 
in Fig. 10.4a), the separation at pH 2.8 results in a decrease in resolution to 
R, = 1.16, which would be unacceptable. 


Referring to the benzoic acid separation of Fig. 10.40 (for similar-condi= 
tions), at pH 2.9 resolution decreases rapidly for a small decrease in pH. 
However, at higher pH, there is a smaller change in resolution for small 


changes in pH (seen also in Fig. 10.125). This suggests the use of a higher pH 


FIGURE 10.11 Predictions of retention (k) as a function of % methanol by 
CHROMDREAM. Sample: 1, p-hydroxybenzaldehyde; 2, methyl paraben; 3, phenol: 


4, pyridine; 5, benzene; 6, toluene, 7, chlorobenzene. Conditions: Cig column, 
methanol-water mobile phases. (a) Predicted results; (b) experimental data. (Re- 
printed with permission from Ref. 57.) 
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0.0 4.6 9.3 13.9 18.6 23.2 


(b) 
FIGURE 10.12 Effect of separation conditions on method ruggedness (pH sensitiv- 


ity)}-Separations-of substituted-benzoic acid- sample of Figs.10.3-to 10-5—(a-andb), 
conditions as in Fig. 10.5c; (c)-(e) 36% B, 32°C, 25 mM [correct method pH (d) is 
2.95). (Reprinted with permission from Ref. 22.) 


to reduce the pH sensitivity of the method, followed by reoptimizing other 


conditions for maximum resolution. Trial-and-error simulations were carried 
out, and it was discovered that a change from pH 2.9 to pH 2.95, accompanied 


by a change from 37% to 36% B (other conditions of Fig. 10.5c the same) 
gave a much more rugged method (Fig. 10.12c to e), with very little loss of 


resolution at the nominal pH of the revised method (pH 2.95, R, = 2.0). Thus, 


the_ability_of computer simulation to_carry_out_quickly a large number_of 
experiments corresponding to small changes in separation conditions enables 
the recognition and cure of method ruggedness problems. 
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FIGURE 10.12 (Continued) 
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10.7 PEAK TRACKING 


The computer programs of Sections 10.2 and 10.3 require peak tracking: the 
determination of elution order, or a matching of bands for the same compound 
between two or more chromatograms. Peak tracking is also useful in manual 


method development as in Chapter 9. Thus, it is necessary to match peaks 
between method patioaleney runs to more Teliably predict what will happen 


Also, peak tracking can 


phen uncover “hidden” banak that woila otherwise be overlooked [61] (e. g- 
multiple small bands, some of which are overlapped by larger bands in 


eachrun} 
Peak tracking is illustrated in Fig. 10.13a and b for a hypothetical sample 
as a function of change in some separation variable (e.g., pH). Peak tracking 


is the process of matching bands for the same compound between these two 
runs. Here, band 1 in each run corresponds to some compound A (whose 
identity may or may not be known). Similarly, the second band in each run 


is compound B, and so on. 
There are several ways in which peak tracking can be done: 


+ By injecting known standards 
- By comparing the similarity of relative retention and area for bands in 


- By establishing trends in relative retention and area for bands in three 
or more chromatograms 


- By spectral identification 
- By some combination of the above 


10.7.1 Injection of Standards 


When standards are available for each component of the sample, it is possible 
to identify each peak by injecting the standard under the same conditions. In 


the example of Fig. 10.13a and b, this would invoive injecting the individual 
standards 1 to 5 for the conditions of each run (Fig. 10.13a and b), for a total 
of 10 additional runs to achieve peak identification and tracking in this way. 


If n runs are required for retention optimization and there are m components 
in the sample, peak tracking with injection of individual standards can be 
carried out unambiguously with an additional (n X m) runs. In the example 


of Fig. 6.17, retention optimization requires seven runs and the sample contains 
nine compounds. Therefore, an additional 7 X 9 = 63 runs are required for 
this approach to peak tracking. 


The large number of added runs required for peak tracking based on 
ne single standards is a serious araseback to as approach; one few 


(ce) 


0 2 4 6 8 to 
(d) 


FIGURE 10.13 Peak tracking illustrated for a hypothetical sample. (a)—(d ) Chroma- 
tograms for change in some variable (e.g., pH). See the discussion in the text. 
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of standards is the use of two different samples for each run [62]. The samples 
are prepared so that the concentration ratio for each component in the two 


samples is unique. The ratio of band areas for each compound in the two 
runs will then be equal to the concentration ratio. 


As an example, assume for the sample of Fig. 10.13 that compounds 1 to 


5 are blended into two separate samples. Sample 1 has 0.1 mg of each com- 
pound, while sample 2 has the following composition: 1, 0.1; 2, 0.15; 3, 0.075; 
4, 0.2; 5, 0.05 mg/mL. The concentration ratios for (sample 1)/(sample 2) are 


then: 1, 1; 2, 1.5; 3, 0.75; 4, 2; 5, 0.50. For each method development experiment 
with new conditions, samples 1 and 2 are both injected sequentially (runs 1 


and 2)}- The area ratio for band Hin run tvs-run 2isthen determined {e-g; 
the ratio equals 1.5). In this case it is then known that band 1 for these 
separation conditions is compound B, since the area ratio equals the concentra- 


tion ratio for sample 1 vs. sample 2. 
This dual-sample approach does require one additional run for each change 
in conditions. However, this extra run also can be used to confirm complete 


column equilibration; (same retention times for runs 1 and 2; see Section 
1.4.4). Because column equilibration is so important in method development, 
this extra run is worthwhile even if peak tracking is unnecessary. An added 


advantage of this peak tracking procedure is that the identity of each band 
is confirmed. Therefore, when standards are available, the use of two injections 
with samples differing in relative concentrations is highly recommended. 


When the number of sample components is greater than 8, it is best to divide 
the standards into piat least) two ape groups This procedure requires two 


band ovedap are Pae minimized When a large number of standards are 
picnided into a a Single sesh 6 mixture, the sormulaton of two Gria to 


are ‘66 similar or there is too lärgė a a variation in the ratio. Either of these 
two situations can make peak tracking more difficult. Concentration ratios 


for different compounds should differ by a factor of about t.5 for easy peak 
identification, but concentrations in the two samples should not differ by more 
than a factor of 10. Otherwise, some bands may be too small to recognize in the 


chromatogram, because of compound-to-compound differences in detection 
sensitivity and/or the overlapping of small and large bands. The division of 
sample compounds into two or more separate samples plus selection of a 


suitable wavelength for detection will help minimize problems of this kind. 


10.7.2 Retention and Area Comparisons 


The use of relative retention and band size for peak tracking can eliminate 


the if tard Lis ill iin Fig. 10.13 isual ison of 
Fig. 10.13a and b makes it easy to match up corresponding bands (1, 2, . . .). 
For example, bands 1 to 3 in run a are easy to pair with bands t to 3 in 


_____ sun bon the basis of relative-size: medium _(1),large-(2), and small-(3)-Visual 
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comparisons can be less reliable for some separations. For example, peak 
tracking between runs b and c is less obvious; the overlap of bands 2 and 3 


in run c is hard to distinguish from an overlap of bands 2 and 4. Similarly, 
the reversal of bands 2 and 3 between runs b and d would be difficult to 
recognize if these two bands were similar in size (see also Fig. 10.14). 


Peak tracking based on relative retention and band area can be made more 
reliable by the use of algorithms that quantitatively compare two peaks in 
terms of their retention time and band area similarity [63,64]. This approach 


is used by the DryLab computer simulation software (Section 10.2). However, 
the sole use of retention and band area data for peak tracking is unable to 


achieve complete peak tracking for every sample. When peak reversals occur 


between two runs and the areas of the peaks are similar, unambiguous peak 
tracking may not be possible. Also, when changes in pH affect the ionization 


of sample compounds, the area for a given compound may change due to 
changes in the electronic structure of the chromophore (e.g., aniline vs. proton- 
ated aniline). This effect can seriously limit peak tracking based on retention 


and area. Similar peak-area changes from run to run can also occur (but are 
less common) when changes are made in the percent and type of organic in 
the mobile phase and temperature [45]. 


10.7.3 Trends in Retention 


When a single separation variable is changed, three or more runs can be used 
to track individual peaks by trends in retention. This is illustrated in Fig. 
10.14. Because of the similar sizes of adjacent bands 2 and 3, peak tracking 


based on retention and area alone is not reliable for any two runs in this 
series. However, trends in relative retention can be seen in Fig. 10.14, as 


indicated by the dashed lines that join bands 2 and 3, respectively. So, the 


use of several runs, where separation conditions change only slightly from 
run to run, can generally be used for lead sine ee as in Fig. 10. 14. 


tion (Section 10. 2). If two runs B (e g., b d di in Fig. 10. 14) are e used as inputs 
for computer simulation, it is then possible to predict the separation of 


runc- bands 2-and 3 -were-matehed_incorrectly between runs bandd-prior 


to computer simulation, the separation predicted for run c would be in error 
(the overlap of bands 2 and 3 would not be predicted, indicating an error in 


i runs for the 
separation of Fig. 10. 14c would therefore confirm this error in peak tracking. 


10.7.4 Spectral Identification 
The use of a photodiode-array (PDA) detector makes it possible to obtain 


the UV spectrum of each band in a chromatogram. A comparison of band 
spectra in two runs such as those of Fig. 10.14a and b car. then be used for peak 
tracking [65-71]. This approach is used in both the ICOS and DIAMOND 
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programs. PDA peak tracking is less useful for samples that are mixtures of 
related compounds (e.g., a product and its impurities, degradation products, 


metabolites, etc.) because different compounds in such samples often have 
the same UV chromophore. PDA peak tracking is also affected adversely by 
changes in spectra from one mobile phase to another (especially for a change 


in pH) and other factors [72]. 
Peak tracking is best carried out by injecting standards. This procedure is 
the only one that works in every case. When standards are not available, any 


of the other peak tracking procedures can be used for a particular sample. 
Peak tracking based on retention trends (Fig. 10.14) is probably the most 
generally reliable approach, but it is somewhat tedious and less amenable to 


automation. In the absence of automatic peak tracking software, the latter 
procedure i is generally recommended. Combination techniques that combine 
to- have promise [49,72] and 


appear 
have been incorporated into DIAMOND; these methods are still undergoing 
development and improvement. 


10.8 PITFALLS 


The ease with which computer-assisted method development is carried out 
can be misleading. These programs in no way relieve the user of a need for 


good chromatographic practice. Rather, in the case of software that begins 
with experimental data to be used for subsequent predictions of separation 
(Sections 10.2 and 10.3), small errors in the input data can result in large 


errors in predicted retention times and resolution. For this reason it is espe- 
cially important to take precautions with the initial experiments and to evaluate 
these experiments before using them for computer predictions (the same 


advice is appropriate for manual HPLC method development). 
Some problems that should be anticipated include: 


- Imprecise preparation of mobile phases or adjustment of pH 
- Incomplete equilibration of the column when the mobile phase is changed 


i n over time 
+ Distorted peak shapes (tailing) 
: Peak bunching (too many peaks in the chromatogram) 


If retention times vary because of imprecise mobile phases, poor column 


_____ equilibration or change in the column over time, resulting predictions_of 


FIGURE 10.14 Peak tracking illustrated for same experiments as in Fig. 10.13, except 
that the concentration of band 3 differs. (a)—(d ) Chromatograms for successive change 
in some variable (e.g., pH = 3.0, 3.5, 4.0, 4.5). See the discussion in the text. 
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separation will not be reliable. When the initial experimental data are used 
for extrapolation, predicted separations can be very much in error. Or we can 


say: “garbage in, garbage out!” Errors of this kind are more likely when the 
initial experiments are carried out over several days rather than all at once. 


Similarly, method development will not proceed very well with badly dis- 


torted bands, either manually or using a computer. However, the computer 
usually has no way of dealing with band tailing, so an optimized separation 


that_ignores_band_tailing may_be_very_disappointing._It_ is _best_to_look_for 
tailing peaks initially and then remedy the situation (Sections 5.3.2, 5.4.2, and 
7.3.3.2) before proceeding further. 


Finally, if most of 2 p 
will be difficult to determine which neak i is which, h (peak (tacking) when coat: 


tion conditions are changed. Also, the retention times for overlapped peaks 


will be in error, compared to the retention of a single peak injected as standard. 
These errors can lead to larger errors in subsequent computer predictions. 
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11.1 INTRODUCTION 


The application of HPLC to biochemical samples began in the mid-1970s and 
today is widespread. These separations are based on similar principles as for 


earlier low-pressure liquid chromatography (LC) separations used mainly to 
isolate purified compounds. Today, both LC and HPLC are used for product 
purification, but HPLC is preferred for sample analysis because of its speed and 


resolution. Although the principles set forth in this chapter apply equally to both 
techniques, HPLC is emphasized. It has been assumed by some workers that the 
chromatographic separation of large biomolecules depends on different principles 


than for corresponding separations of small molecules. However, this is now 
known not to be the case [1]. Therefore, the general principles of HPLC method 


development described in earlier chapters (especially Chapters 2 and 6 to 8) 


apply equally to the separation of samples of synthetic or biological origin. 
Biochemical mixtures can differ in an ile from other samples 


dimensional: structure (conformation) that i is stabilized i in an aqueous environ- 
ment; the samples assumed in earlier chapters are small molecules whose 


——————- conformation normally plays little role-in-their separation or use-Figure -H4 


shows the various conformational states that can apply for a protein. Primary 
structure refers to the sequence of amino acids that are joined to form the 


protein. Secondary structure refers to the intramolecular interaction (folding) 


of some of the amino acids in the protein to form structures including æ- 
helices or B-pleated sheets. Tertiary structure refers to the further folding of the 


entire molecule. Quaternary structure applies to proteins that are aggregates of 
two or more tertiary structures. The native (bioactive) protein molecule will 
have a well-defined tertiary and/or quaternary structure. Denaturation of the 


molecule refers to a change in this structure, usually to a less folded (random 
coil) state, and the loss of biological activity. 
Protein conformation (native vs. denatured) can vary with HPLC separa- 


tion conditions: 


- HPLC method (ion-exchange, reversed-phase, etc.) 
* Mobile-phase composition (aqueous vs. organic, pH, etc.) 
: The nature of the column packing material (hydrophilic vs. hydrophobic) 
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Protein Structural Hierarchies 


(a) Primary Structure (6) Secondary Structure 


H,N-Asp-Ala-Glu-Phe-Arg-His-Asp-Ser: 
ly-Tyr-Glu-Val-His-His-Gin-Lys-Leu-COOH 


(c) Tertiary Structure (d) Quaternary Structure 


EA 


FIGURE 11.1 Polypeptide structures. (a) The linear arrangement of amino acids in 


a polypeptide determines the primary structure. (b) Arrangement of amino acids 
of a 14-residue alanine homo-oligomer as an a-helical secondary structure, showing 
representation as a stick figure, and with only the backbone shown, overlain with a 


ribbon representation of the helix. (c) A ribbon diagram of the backbone of the 
hemoglobin £-subunit. (Adapted from Ref. 2.) (d ) Schematic representation of the 
multisubunit enzyme catalase. (Adapted from Ref. 3.) 
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- Flow rate (column residence time) 
- Separation temperature 


Conformational changes during or after separation may or may not be readily 


__reversible._If the conformation of a biomolecule changes slowly during the 


separation, separation will usually be unsatisfactory (wide and/or distorted 
bands, low recovery, etc. [4]). 
These and other considerati 


graphic principles in method development for large biomolecules. As a result, 
there is a prolific literature on biochemical HPLC that emphasizes empirical 


method development and special conditions for different samples [5]. This 
might be referred to as the “recipe” approach. This chapter applies the same 
chromatographic principles presented in earlier chapters to the separation of 


biochemical samples, while at the same time recognizing some of the special 
features of these samples (e.g., conformation). The scope of this chapter is 
necessarily very restricted and general; readers seeking further information 


are referred to a number of other books [1,6—10]. In the present chapter, we 
assume that the reader has some familiarity with basic biochemistry, as set 
forth in a number of current textbooks. 


11.1.1 Primary Structure 


Biochemical macromolecules typically are composed of repeating units: amino 
acids for peptides and proteins, nucleotides for oligonucleotides and nucleic 


, and O ¥SacCcnar#»rides g 


of the latter are not discussed in this book, except in Section 6.6.5. For a good 
review of recent developments, see [11]. 


141.1.1.1 Peptides and Proteins. Peptides and proteins are polymers com- 
posed of amino acid monomers whose —NH, and — COOH groups have 


reacted to form amide linkages (— CONH —). In this chapter we use peptide 
as a generic term for any amino acid polymer, protein will refer specifically 
to a peptide with a molecular weight greater than 5000 Da. The amino acids 


that compose naturally occurring peptides are described in Fig. 11.2 along 
with their shorthand notations. For the purposes of this chapter, it is useful 


to classify the amino acids as acidic, basic, or neutral. Neutral amino acids 
can be further subdivided as in Fig. 11.2. The side-chain pK, values of the 
acidic and basic amino acids are noted in Fig. 11.2; these side groups determine 


acids are divided into groups according to the chemical properties of the side chains; 
pX, values for the ionogenic side chain are shown for the free amino acids. (Reprinted 
with permission from Ref. 2.) 
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the overall acid-base properties of a peptide. Acidic peptides have an excess 
of acidic groups over basic groups, and vice versa for basic peptides. Depending 


on the ratio of acidic to basic amino acids in the molecule, the net charge will 
be neutral at some pH (isoelectric point or pI value) and will be positive or 
negative at lower and higher pH values, respectively. 


The ionic charge of individual amino acids and the peptide molecule plays 
an important role in the separation of peptides and can be controlled by 


terminal groups may be somewhat altered in the native (folded) peptide 
[12,13], and it is not unusual to have the terminal amino or carboxyl group 


(see -Fig.11-1) blocked-as-an 
Two amino acids, proline and cysteine, deserve special mention with respect 
to their chomatographic properties. Proline residues are predominantly in the 


trans configuration in many native proteins but are in equilibrium with the 


cis form. Under typical reversed-phase chromatographic (RPC) conditions, 
the slow conversion between the cis and trans proline configurations can result 


in their separation [14,15]. A single peptide may then appear as a partially 
or completely separated pair of peaks (usually undesirable); however, at higher 
temperatures the two proline-isomer peaks usually coalesce into a single band. 


Two cysteine residues are capable of forming reversible (intra- or inter-molec- 
ular) disulfide bonds, serving to cross-link peptide chains. The formation or 


______reduction_of disulfide bonds can be a complication in the separation of some 
peptides, possibly leading to loss of bioactivity and/or more than one peak 
for the same ee 


he for different HPLC methods: Compared i to taaie peptides at neutral 
pH the retention of acidic peptides will be greater in anion exchange and less 


in cation exchange. For RPC at low pH, the retention of acidic peptides will 
usually be greater than for basic peptides. Similarly, a high proportion of 
leucine or isoleucine residues will increase retention in RPC and HIC but 


have less effect on ion-exchange retention. For RPC separation, hydrophobic 
amino acids contribute most to retention. The relative contribution of each 


amino acid to RPC retention is given in Table 11.1 for low- and high-pH 
conditions. As expected, the non-polar aromatic and aliphatic amino acid side 
chains cause greater retention, whereas ionized side chains decrease retention. 


The relative retention-data_of Table 11.1 are less reliable for larger peptides, 
due to conformational effects as summarized in Fig. 11.1. 
Some common reactions of amino acids can lead to the peptide impurities 


variants) shown in Fig. 11:3. These reactions include deamidation of aspara- 
gine or glutamine, oxidation of methionine, and formation of cystine disulfide 
bridges not present in the native structure. These variants can be formed 


during the preparation or storage of peptides (either naturally occurring or 
recombinant). Post-translational modifications (within the cell) such as phos- 
phorylation and glycosylation are also important, because they can affect 


product stability, efficacy, and heterogeneity. 
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TABLE 11.1 Contribution of Different Amino 
Acids to Peptide RPC Retention’ 


Change in 
Retention (min) 
Amino Acid pH2 pH7 
Trp (most hydrophobic) 8.8 9.5 
Phe 8.1 9.0 
Leu 8.1 9.0 
Ile 7.4 8.3 
Met 5.5 6.0 
Val 5.0 5.7 
Tyr 4.5 4.6 
Cys 2.6 2.6 
Pro 20 22 
Ala 2.0 2.2 
Glu 1.1 -1.3 
Fhr 0:6 8:3 
Asp 0.2 —2.6 
Gln 0.0 0.0 
Ser -0.2 —05 
Gly —0.2 —0.2 
Arg —0.6 0.9 
Asn =0.6 =0.8 
His -2.1 2.2 
Lys (most hydrophilic) -2.1 —0.2 


Source: Ref. 16, with permission. 


“ Change in retention time as a result of substituting an amino 
acid for Gln (e.g., substitution of Trp for Gln increases reten- 


=water 


gradient; 1 mL/min. 


11.1.1.2 Oligonucleotides and Nucleic Acids. The composition of oligonu- 
cleotides (oligos) and nucleic acids i is simpler i in terms of the variety of repeat- 


ing units than that of 
alternating sugar and phosphate groups, with ‘nucleic acid bases attached to 
the sugars (Fig. 11.4a and b). In the case of DNA, the sugar is deoxyribose 


and the usual bases are thymine (T), adenine (A), cytosine (C), and guanine 
(G). For RNA, the sugar is ribose, while the bases are the same except for 
the substitution of uracil (U) for thymine. 


HPLC is used much more often for the separation of small oligos (< 100 
nucleotides) than for nucleic acids; the present chapter does not discuss nucleic 
acid separations (see [6,8]). Structural features of oligos that affect chromato- 


graphic separations include: 


1. Intramolecular base pairing of A-T or G—C pairs (hairpin loops), result- 


ing in wide bands or more than one peak for a single oligo. 
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Common Amino Acid Derivatives 


Asparaginy! Peptide Cyclic Imidy! Peptide Intermediate Aspartyl Peptide 
fo) 


R1: N-terminal peptide 


R2: C-terminal peptide 


Phospho-Threonine 
pThr 


Norleucine 


nteu 


FIGURE 11.3 Structures of some of the common amino acid derivatives that can 
be found in proteins, and some of the reactions by which these derivatives can be 


formed. (Reprinted with permission from Ref. 2.) 
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(a) Oligonucleotide composition (b) Common nucleobases 


ie) 


ales 
NH Sn” wu, 


Guanine 


NH, 


“SN 


wo Cask o 


Cytosine —— —— — Uracil 


methylphosphonate phosphorothioate -  phosphorodithioate 


FIGURE 11.4 Structure of nucleic acids. (a) Schematic composition of a single-strand 
oligonucleotide; in RNA the 2’ ribose position is hydroxylated (circled), whereas it is 
not in DNA. Bi and B2 represent the nucleobases, shown in (b); (c) examples of 


~~~ backbone modified oligonucieotides. (Reprinted with permission from Ref. 2.) 


2. Intermolecular base pairing (aggregation), especially for (G)-rich oligos, 
resulting in wide bands or more than one peak for a single oligo. 


Oligo conformation tends to be less important than for peptides, and dena- 
turation is generally of less concern. As needed, disruption of base pairing 


(denaturation) with formamide, urea, high temperature (> 60°C), or high pH 
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(> 9) can be used to minimize problems due to base pairing or aggrega- 
tion. 


11.1.1.3 Modified Oligonucleotides. Synthetic, antisense oligos have a mod- 
ified backbone (Fig. 11.4c) and are of interest as potential therapeutic agents. 


They can base-pair in the same way as native oligos (thus are able to facilitate 
deactivation of messenger RNA), but they differ from the natural products 


in that they provide improved bioavailability and/or are resistant to degrada- 


tion in vivo. Other antisense oligos are based on sugar analogs such as dideoxy- 
ribose or have a peptide backbone. 


11.1.2 Special Requirements of Biochemical HPLC 


€ 
a separation by changing retention k (or k*), a, and N. These same principles 
also apply to the separation of biomolecules. However, the choice of initial 


conditions and variables to improve separation are somewhat different for 
biochemical samples, and gradient elution is usually required for these separa- 
tions (excluding SEC). 


11.1.2.1 Columns. Requirements for HPLC column packings are discussed 
in Chapter 5. Similar requirements exist for biochemical separations, with 


some exceptions: pore size, bonded-phase characteristics, and column stability. 
Additionally, separations of large biomolecules generally result in smaller 
plate numbers, which favors the use of smaller and/or non-porous particles, 


as well as lower flow rates. 


Pore_Size—Most_of_the-surface_(>_95%)_of-a_porous_packing is_contained 
within the pores, and pore diameter determines the ability of macromolecules 
to enter the particle interior. As an example, for a typical globular protein of 


about 60,000 Da, the hydrodynamic radius is about 35 A. This increases to 
about 80 A for complete denaturation of the molecule [17,18]. Only when the 
diameter of a sample molecule is smaller than the average pore diameter of 


"the packing can the sample access most of the particle interior. However, 


frictional drag within the pore can greatly decrease diffusion and reduce 
column efficiency (wider bands). To avoid this undesirable restricted diffusion, 


the pore diameter should exceed the sample molecule diameter by a factor of 
4 or more [17,18]. Oligos and carbohydrates possess an extended conformation 
(larger effective diameter), so still larger pore diameters are required for their 


efficient separation than for a peptide of similar molecular weight. 
Commercial column packings are typically available in at least two average 
pore sizes: 60 to 120 A and 250 to 350 A. The 250 to 350 A packing is preferred 


if molecular size exceeds about 50 amino acids for peptides or 25 residues for 
oligonucleotides. This pore size also should be used if the sample molecular 


_______s weight is not known. Separations of very large biomolecules (proteins or large 
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nucleic acids with molecular weight > 100,000 Da) may require larger pore- 
size packings (500 to 4000 A). 
The saturation capacity of a column w, determines the maximum weight 


of sample that can be injected for acceptable separation. Values of w, are 
i alias ee for preparative Era enpe m) aug area func- 


possible colima capacity is sroperional to surface area, But this value Ge 
creases if the sample cannot access all pores of the packing, as occurs when 


the sample molecule is larger than some of the packing pores. As a result, 
maximum column capacity is found for (1) smaller-pore packings in the case 
of small sample molecules and (2) larger-pore packings for large molecules. 


The use of 250 A or larger pores for samples with molecular weights above 
5000 Da is therefore favored for preparative separations. 
Column packing pore size (or surface area) also affects retention, because 


k is proportional to surface area (other factors being equal). Thus, the retention 
of smaller biomolecules will usually be greater on a smaller-pore (larger- 
surface-area) packing. Figure 11.5 illustrates this for a peptide separation on 


80- and 300-A pore Cg columns. 


as described in Chapter 5. As with small molecule separations, 5-um silica 
packings are the most commonly used materials for analytical separations 


of biomolecules. Smaller-diameter silica particles (< 4 am), although more 


efficient, have had limited use for peptide separations, being widely viewed 
as unreliable in routine application. However, recent improvements in the 


this problem (see Chapter 5 and [20}). 
The slower diffusion of large biomolecules and the resulting decrease in 


column efficiency (wider bands) has ted to other innovations: (1) non-porous 
particles of small diameter (~ 2 ym), and (2) flow-through, or ‘“‘perfusive”’ 
particles (Section 5.2.1). Although striking examples of very rapid separations 


of complex samples (e.g., tryptic digests) have been reported for small non- 
porous particles, these columns have so far found limited use due to some 
practical limitations: (1) a requirement for special HPLC equipment to reduce 


extracolumn effects (Section 2.3.3.3); (2) reduced column capacity due to low 
surface area; (3) rapid fouling of the packing by highly retained components, 
again due to low surface area; (4) limited column length and efficiency due 


to a higher pressure drop across the column for small particles; and (5) greater 
plugging by particulates. . 
i i have very large pores (>_1000-A) that allow. 


part of the mobile phase to flow through the particle, thereby reducing the 
distance that sample molecules must diffuse within the particle (Section 5.2 


and_{21}).-These-packings-aliow-highflow_rates-with—little loss-in-column 
efficiency, as illustrated in Fig. 11.6 for a flow rate of S mL/min. The resulting 
fast separations allow rapid method development; experiments can be carried 
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Absorbance (210 nm) 


Arg-Gly-Ala-Gly-Gly-Leu-Gly-Leu-Gly-Lys-amide P1 


Ac-Arg-Gly-Ala-Gly-Gly-Leu-Gly-Leu-Gly-Lys-amide P3 
Ac-Arg-Gly-Val-Gly-Gly-Leu-Gly-Leu-Gly-Lys-amide P4 
Ac-Arg-Gly-Val-Val-Gly-Leu-Gly-Leu-Gly-Lys-amide P5 


FIGURE 11.5 Effect of RPC column pore size on peptide retention. Conditions: 


column, 15 x 0.46-cm, 3.5-um Zorbax SB-C8, A-solvent, 0.1% TFA in water, B-solvent, 
0.085% TFA in 80% acetonitrile~20% water; 10 to 30% B in 20 min; 60° C; 1.5 mL/ 
min. (From Ref. 19.) 
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Recorder Response 


Recorder Response 


O 5 108 ce) 20 40 60 $ 
(a) (b) 


Conditions: sample, mixture of ribonuclease A, cytochrome C, lysozyme, 8-lactoglobu- 
lin, and ovalbumin; column; 3 x 0.21-cm POROS R/M (polystyrene-DVB); 20 to 


50% -B gradient; A-solvent, 0.1% FFA-—water; B-solvent, 0.1% TFA AEN; 5-mbL/min; 
ambient. (a) Gradient time 12 s; (b) gradient time 90 s. (Reprinted with permission 
from Ref. 22.) 


out more quickly than for porous particles of similar diameter. Perfusive 


columns have so far been used mainly for preparative and analytical separa- 
tions of less complex protein samples, where large plate numbers are not re- 
quired. 


Column Stability. Stability of the column packing is a serious concern for 


Many Hie A parations— ie ea-pias paratio of peptid a 
commonly carried out at low pH (pH < 3), and ion-exchange separations 
often use a pH > 7. Also, many workers prefer to purge (sanitize) columns 
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at high pH (pH > 12) to remove strongly retained sample components such 
as Scngeonins In at some spate are best cated: out at mener 


to 9 loss of the bonded ‘phade or t dissolution of the silica n matrix x (Sections 5. 2.3.4 
and 5.4.3.5). For this and other reasons, biochemists previously have tended 


to—avoid—bonded-silica 


packings,—especially—for—preparative—separations. 
Carbohydrate-based packings (Sephadex, agarose, etc.) and polymeric pack- 
ings (polystyrene, polymethacrylate, etc.) have been used more often for the 


preparative separation of biochemical samples. 
Bonded-silica packings generally give higher column efficiencies and better 
separations than those of carbohydrate or polymeric packings. For this reason, 


efforts have been made to improve the stability of bonded-silica packings for 
operation at low or high pH. The use of sterically protected bonded phases 
(Section 5.2.3) has solved the problem of column stability at low pH and 


high temperatures, and these columns are now preferred for reversed-phase 
separations of peptides. For operation at higher pH, zirconia-impregnated 
silica is used to provide more stable SEC columns [23]. Polymeric bonded 


phases can be used to create a thicker stationary phase layer that better 
protects the silica matrix, thereby improving stability for high-pH operation. 
The f pol : { alumina [24] ; ia [25] i i of silica can 


provide a further increase in column stability for the separation of proteins 
at high-pH operation (see also Section 5.2.3.2). Studies also have shown that 
used at pH = 9 if the 


following operating conditions are followed [25a]: (1) Sol-based (“sol-gel”) 
silica support; (2) fully reacted and endcapped alkyl bonded phase; (3) = 


ture < 40°C (also see Section 5.1.3.4 and Ref. 46). 


Choice of Column. The choice of HPLC method and column will depend on 
the separation goals. Different HPLC methods can be characterized in terms 
of resolution and whether the method is denaturing or not. Resolution, or 


the ability to separate complex samples into as many peaks as possible (maxi- 
mum peak capacity), varies as follows: SEC < HIC ~ IEC < RPC. The 
tendency of HPLC to denature a protein sample varies as SEC (least) < IEC 


œ= HIC << RPC. Table 11.2 summarizes some possible columns for initial 
method-development experiments. 


11.1.2.2 Sample Molecular Conformation. The preservation of native con- 
formation (and bioactivity) can be a primary consideration in method develop- 


the ion-exchange separation of an enzyme with preservation of bioactivity 
may require: 


: A restricted pH range for the mobile phase 
- A limited concentration of organic solvent 
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TABLE 11.2 Characteristics of Commonly Used Columns for Biomolecules 


Column Characteristics 


Packing Material Column Geometry 
Separation ID 
Type Bonded-Phase Pore (A) Particle _(cm)__L (cm) 
RPC 
Peptides Alkyl:Cg/Cig 60-80 3.5-7 0.46 15-25 
Proteins Alkyl:C3/C/Cg 300 3.5-7 0.46 5-15 
Oligonuc = Alkyl:Cy/Cig 80-300 3.5-7 0.46 15-25 
IEX 
Peptides  SCX:SP-/SE- 100-300 3.5-7 0.46 15-25 
Proteins WAX, SAX, WCX, SCX 300-1000 3.5-7 0.46 15-2 
Oligonuc SAX 0; 60-100 2-7 0.46 5-15 
Nucleic SAX 6; 60=4006 2=7 0:46 tS 
acids 
HIC 
Proteins —Propyl;Phenyt 300 5-7 0.46 —_15-25 
HILIC 
Peptides PolyHYDROXYETHYL 200 5 0.46 10-25 
Aspartamide 
Proteins PolyHYDROXYETHYL 300 5 0.46 10-25 
Aspartamide 
SEC 
Peptides Diol/dextran 60-100 4-15 1 25-60 
Proteins = Diol/dextran 100-300 4-15 1 25-60 
Nucleic _ Diol/dextran 100-500 4-20 1 25-100 
acids 


- A restricted range of ionic strengths and/or counterions 
* Low temperature 


- The presence (or absence) of cofactors, specific metal ions, substrates, 
or products 


-The -presence-(or absence) of detergents or other surface-active reagents 


: A specific range of bulk protein concentration 


The choice of HPLC conditions can determine whether a compound is 
eluted in the native or non-native state (or both), or whether sample aggrega- 


tion and/or precipitation occurs before, during, or after HPLC. 
of proteins by IEC, HIC, or SEC commonly use conditions that maintain the 
native conformation. Separations by RPC usually denature proteins, but small 


~~~ proteins (< 20,000 Da) can often be renatured after the separation. 


The partial denaturation of a protein during RPC separation may result in 
the formation of different conformers during the separation (e.g., native and 
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denatured), which can cause the appearance of multiple bands, broad or 
mD a low recoveries, E ag other ees ee 


the RPC 


[26]. At lower temperaiutes this protein is ‘arial donated, i resulting i ina 
broad, misshaped band. At higher temperatures, denaturation is complete 


and a single, narrow band is observed. 
For most small proteins, RPC separation is best carried out under highly 
denaturing conditions [4]: low-pH acetonitrile/water gradients with C;—Cig 


columns, and (if necessary) the preinjection denaturation of the sample at 
ambient temperature with urea or guanidine, as well as separation at higher 
temperatures (e.g., >50°C). Specifically, these conditions should completely 


unfold the protein and avoid aggregation or precipitation. 


H4.2.3— Sample-Recovery:_Mass_and-_Bioaetivity._The-recovery—of-smalt 
molecules from an HPLC separation is usually 100% (within experimental 
error). This is often not the case for large biomolecules. Reasons for a poor 


of the 
sample during separation and (2) irreversible attachment of some of the sample 
to the particle matrix. Improved recoveries are favored by (1) shorter run 


L i. 25° 


TIME_SCALES_IN MINUTES 


10 15 
FIGURE 11.7 Variation of band width and shape for ribonuclease A as a function 


of temperature in RPC gradient elution. Conditions: 10 x 0.46-cm C, column; 0 to 
100% B in 30 min; A-solvent, 10 mM phosphoric acid (pH 2.2); B-solvent, same with 
45% 1-propanol; 1 mL/min. (Reprinted with permission from Ref. 26.) 
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times, (2) larger ratios of (sample weight)/(column volume), and (3) the use of 
packings with a less active matrix (e.g., hydrophilic materials such as agarose). 


When the sample is expensive and/or in short supply, it is important not 
to inject the total sample until an acceptable sample recovery has been estab- 
lished. Short, small-diameter columns (e.g., 5 X 0.2 cm) are useful for both 


able in limited amounts (nanogram to microgram), because of enhanced detec- 
tion and recovery [27]. 


11.1.2.4 Sample Handling and Pretreatment. Prior to injection, the sample 
must be solubilized and free of particulates, and the sample solvent should 


be compatible with the chromatographic separation. Cellular or tissue homog- 
enates and body fluids must be freed from particulates and trace components 
must be purified and/or concentrated. In some cases, surfactants will be re- 


quired to solubilize a biomolecule. A general discussion of sample preparation 
methods is presented in Chapter 4, but biological samples have special require- 


Sample Solvents. A number of solvents can be used to solubilize and/or dena- 


ture-protein-samples-prior-to- HPLC separation {Table113). Usually, itis 
adequate for separation to achieve a sample concentration of 0.1 to 2 mg/mL. 
If the sample can be dissolved in a solvent that approximates the initial mobile 


phase (e.g., 0.05 to 0.5% trifluoroacetic acid (TFA)-water for RPC), this is 
usually the best choice. Buffered 6 M guanidine-HCl or urea has several 
advantages: effective solubilization, miscibility with most mobile phases, and 


the effective denaturation of many proteins. If organic solvents (acetic acid, 


TABLE 11.3 Selected Sample Solvents 


Solvent Application Comments 
0.05-5% TFA in water General Effective solubilization of many 
samples 

6 M guanidine, buffered at General Very good for many proteins and 
pH 6-8 peptides 

5-80% acetic acid or Peptides Frequently used to extract peptides 
formic acid; 0.1-0.5 M from tissues, precipitating many 

6 M urea/5% acetic acid Hydrophobic Useful for membrane proteins, 

peptides, fragments, aggregating systems 
Water-miscible organic Hydrophobic Limit injection volume to avoid 


solvents ee se anya problems; w water, as oe 


DMSO; = TPA: acidify with TFA as eregue 
+ water 
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DMSO, propanol, etc.) are used to dissolve the sample, the sample solvent 
may be too strong for RPC separation (Section 5.4.2), leading to broadening 


and-distortion—of-early_bands-in-the-chromatogram.-This-problem—can—be 
reduced by minimizing the concentration of organic solvent in the solvent 
used to dissolve the sample or by adding water (e.g., 5 to 10 volumes) to the 


sample solution prior to RPC 3 
solvents (e.g., DMSO) can be tolerated, compared to less polar solvents such 
as isopropanol. For IEC separation, the ionic strength of the sample solvent 


should be as low as possible. It is advisable to adjust the pH of the sample 
solvent to that of the mobile phase, especially when larger sample volumes 
are injected. 


Surfactants. Surfactants (detergents) are often added to a biochemical sample 
to solubilize compounds of interest, maintain biological activity, or prevent 


aggregation. However, surfactants often complicate HPLC separations other 
than SEC. Most ionic surfactants should be avoided for RPC separations 


__fespecially sodium dodecyl sulfate (SDS)]. Small amounts of SDS can cause 
poor band shapes and irreproducible retention in the RPC separation of 
peptides. While the removal of SDS by solvent [28] or solid-phase [29] extrac- 


tion_is_possible, sample losses 


their concentration in the sample solution should be minimized. Zwitterionic 
and neutral Anni Seats 10; X- 114, Zwittergen, Ppa) inter- 


mised. When surfactants are eld colin erener Srocedires should be 
carried out periodically (Section 11.2.1.3). 


Surfactants can be used for IEC, HIC, or SEC separations, provided that 
they create no solubility or miscibility problems. Often, one of these separation 
methods will be chosen for compatibility with a surfactant that is required for 


the maintenance of bioactivity or solubilization of compounds of interest (e.g., 
solubilized membrane proteins). For SEC, a surfactant may be used to avoid 
sample aggregation or interaction of the sample with the stationary phase. In 


the case of IEC and HIC, the surfactant should not interfere with sample 
retention. Possible surfactants for IEC and SEC, with their solubilization 


properties, can be found in [30-32]. 


Sample Dissolutions Whatever the source of the sample; its issolnton should 


using 
membrane filtration « or e ceatt laation: Chapter 4). Complete dissolution of 
the parapi on ee ase ieatng $ sonication, or time. If the m 


shaking or mixing, wbich can cause excessive a k and lead 6 protein 
denaturation. After complete dissolution of the sample has been achieved, it 


is good 
may be encountered that slowly form precipitates on standing. For samples 
that tend to plug the inlet frit at injection (sudden pressure increase), a useful 
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technique is to adjust the sample to the mobile-phase composition, followed 
by centrifugation or filtration if particulates form. 


11.1.2.5 Sample Detection. In Chapter 3 we discuss the general characteris- 
tics of different sample/detector combinations. In this section we examine 


those aspects of 
nature of different biomolecules, based on a small number of different mono- 
mers, permits the use of “standard” detection conditions. For example, differ- 


ent oligos exhibit similar UV spectra and can be detected at the absorbance 
maxima (250 to 260 nm) for purine and pyrimidine bases. Similarly, peptides 
can be monitored at 210 to 225 nm, where the amide bond absorbs strongly. 


The aromatic side chains of amino acids allow less sensitive (but more se- 
lective) detection at 254 to 260 nm (Phe and Tyr absorbance) or 270 to 
290 nm (Tyr and Trp absorbance). Fluorescence detection is more sensitive 


and selective for peptides, but it is also less universal. Tryptophan is the only 
residue with significant, natural fluorescent (Excitation 280 nm, Emission 325 


to 350 nm). 


Because of its generally greater resolving power, RPC is most often used 


for-analytical separations of peptides and proteins. RPC separation usually 
denatures proteins, but refolding with restoration of the native conformation 
is often possible for molecules smaller than about 20,000 Da. IEC, SEC, HIC, 


and affinity separations can be used to isolate native (bioactive) proteins. 
Protein digests and extracts of natural products often contain a large number 
of components, so that the separation of the entire sample (or even a single 


compound) by means of a single HPLC run may not be possible. To isolate 
or quantitate a particular component from such complex mixtures, it may be 
necessary to use two or more different chomatographic methods in sequence. 


A fraction from the first separation is further resolved in a second separation, 
and so on. Ideally, each of these separations should provide different selectiv- 
ity, which will be the case when different HPLC methods (RPC, IEC, etc.) 


are used (cf. Fig. 11.14). 


11.2.1 Reversed-Phase HPLC 
Revered perai HPLC EPO) is sian used for ve analysis ar same and 


after prior separation by SEC, IEC, or other LC Methods 
Gradient elution is normally required for separating peptide and protein 


samples, although isocratic elution can be used sometimes for peptides and 
small proteins. A special feature of large biomolecule separations by RPC is 
a very rapid change of retention (kK) with change in organic solvent modifier; 
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a change of 0.1% B can change k by 20% for a 30,000-Da protein (Section 
8.2.1.2). This behavior makes it difficult to maintain constant retention times 


The general approach to developing an RPC method is as follows: (1) select 
initial conditions, (2) optimize retention (gradient conditions), (3) optimize 


’ . i 


ery of the component(s) of interest is a wise practice. This general procedure 
for any gradient method is described in detail in Chapter 8. In this section, 


emphasis is given to the special requirements of RPC peptide and protein sepa- 
ration. 


11.2.1.1 Preferred Conditions for an Initial Separation. Table 11.4 pro- 
vides recommended conditions for the initial separation. 


Column. For peptide separations, the preferred column will be similar to that 
used for “regular” small molecules (Table 1.3; i.e., either a 15- or 25-cm 


column_of_100-A-pore Cy or-Cis packing). Preferred particle sizes are 3.5 to 


5 ym (see Section 5.2.2). Because peptides can contain basic amino acids, the 
packing should be made from a low-metal non-acidic silica (Section 5.2.1.1). 


OW-Pp onditio are p ed for peptid parations,_and—a-change-in 
temperature is an effective means for varying selectivity (Section 11.2.1.2). 
Therefore, the packing should be stable at low pH and high temperature. 


ings sold as Zorbax 
Technologies, Inc.) meet all these requirements. Polymeric packings are also 
suitable but have lower column efficiencies and are less used at present for 


peptide separations. 


TABLE 11.4 Preferred Initial Conditions for the Analytical Reversed-Phase 
HPLC Separation of Peptide or Protein Samples 


Variabl Peptid p ; 
Column 
Bonded phase Long-chain alkyl (Cis or Cg) Short-chain (C4, C3, CN) 
Dimension 0:46 xX 15 or 25 cm 0:46 x S=15S cm 
Particle 3.5- to 10-4m diameter 3.5- to 10-um diameter 
80 to 300-A pores 300-A pores 
————— Mobile phase 
A-solvent 0.12% TFA/water 0.12% TFA/water 
B-solvent 0.10% TFA/water 0.10% TFA/water 
Temperature 40-80°C 40-80°C 
Flow rate 0.5-2 mL/min 0.5-2 mL/min 
Volume 10-50 uL 10-50 uL 
Weight 1-100 ug 1-100 ug 
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For protein separations, the column recommendations are generally similar, 
except that 300-A-pore packings are preferred with a C;—Cg or cyano ligand. 


Caution-should_be-exercised when consulting the -older_titerature-on_RPC 
separations of proteins and peptides. Contemporary bonded-silica packings 
are greatly improved relative to materials that were popular before 1990. 


’ 


Mobile Phase. A low-pH ACN-buffer gradient is recommended for separa- 


tions of proteins and peptides, because these conditions: 


+ Separate a wide range of compound types and structures 


- Suppress ionization of silanols, which can interact undesirably with basic 
amino acid side chains in the molecule, resulting in poor peak shape 


- Help denature the molecule completely, thereby minimizing the problems 
noted in Section 11.1.2.2 


: Allow low-UV detection (< 210 nm) for maximum detection sensitivity 


: Provide narrower peaks because of the low viscosity of the mobile phase 
Increase retention of small, poorly retained, peptides by ion pairing with 


the free amino terminus and basic amino acids (when TFA is used as 
buffer) 


Phosphoric acid can be substituted for TFA in these separations, for in- 
creased detection sensitivity at 200 nm. For recovery of a purified peptide 


or protein, TFA is more convenient because_of_its. 


isopropanol) can be substituted for ACN as the organic modifier to provide 
better recovery for some large, very hydrophobic proteins. However, propanol 


is- more- viscous, resulting in higher column_backpressure-and broader bands. 
This solvent also requires a higher wavelength for detection (> 220 nm), with 
a loss in detection sensitivity. 


Gradient Conditions. Most peptides and proteins are eluted with less than 
60% ACN, but occasionally a higher ACN concentration is required. A good 


choice for an initial method development run is 0 to 60% B in 30 min for 
peptides (2% B/min) and 60 min for proteins (1% B/min). However, a flatter 
gradient often is needed in the final method to obtain the desired resolution. 


Gradient steepness (% B-solvent/min) determines the average retention k* 
of a sample band during its migration through the column (Section 8.3). The 


value of k* depends on column dimensions (column dead volume V,,,), flow 


rate (F), sample molecular weight (M,,), and gradient steepness (% B/min): 


k* = 87 (F/Vm) (i/S) {1/(% Bimin)} (Itt) 
(Flow rate, (Sample (gradient 
column size) mol. wt.) steepness) 
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S is a function of sample molecular weight. For peptides and proteins, a 
reasonable approximation of S is (33] 


S ~ 0.48M?“ (11.2) 


Approximate values of S from Eq. 11.2 for molecular weights of 1000, 10,000, 
and 100,000 are, respectively, 10, 28, and 76. This means that to obtain the 


same effective value of k* (e.g., k* = 3), gradient steepness measured in terms 


of % B/min should be reduced by a factor of about 3 for each tenfold increase 
in mee molecular weight For this reason, run times are usually longer 


RC changes c can be made í in gradient steepness, initial and final % B 
values, and gradient shape to optimize the separation (Section 8.6). 


Other Conditions. An initial temperature of 30 to 50°C is recommended. 
Higher temperatures provide narrower bands and lower pressure (both desir- 


able), but the optimum temperature for a particular separation will depend 
on other considerations. Some very hydrophobic peptides and proteins require 
a temperature of 60 to 80°C for maximum recovery [4,34], while selectivity 


for a given sample will often be best for a particular temperature in the range 
30 to 90°C (Section 11.2.1.2). 
Flow rate is not a critical variable, but lower flow rates provide better 


resolution as long as k* is held constant (e.g., doubling gradient time when 
the flow rate is reduced by half; Eq. 11.1 and (35). Maximum sample volumes 
and weights are similar- to those for 


Detection. Detection for peptides and proteins is usually at 210 to 220 and/or 


280 nm. Blending 0.12% TFA in water (A-solvent) and 0.10% TFA in ACN (B- 
solvent) minimizes baseline drift caused by changes in absorbance over the course 
of the elution gradient (Section 8.5.3.1). The exact concentrations of TFA used 


in the water and ACN will dictate the usable wavelength (usually > 210 nm). 
An example of an initial peptide separation for the conditions of Table 
11.4 is shown in Fig. 11.8. This tryptic digest of recombinant human growth 


hormone (rhGH) contains 21 major peptides (20 peptides shown in Fig. 11.8). 
In the separation of Fig. 11.8a (30-min gradient, 2% B/min), only 18 distinct 
peaks are apparent. This suggests a decrease in gradient steepness, so the 


FIGURE 11.8 Reversed-phase gradient separations of rhGH tryptic digest. Condi- 
tions: column, 15 X 0.46-cm, 5-um Zorbax SB-C8 (30-nm pores; A-solvent, 0.1% TFA 
in water; B-solvent, 0.1% TFA in acetonitrile; 40°C; 1.0 mL/min. (a) 0 to 60% B in 


30 min; (b) 0 to 60% B in 90 min; (c) 0/25/60 % B in 0/37/45 min; (d) same as 
(c), except last part of chromatogram expanded. See the text for details. (Computer 
simulations based on data of Ref. 36.) 
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gradient time is increased to 90 min (0.67% B/min) in Fig. 11.8b. Now, all 20 
compounds are separated to baseline (minimum R, = 1.6). Because the last 


peak leaves the column a little after 60 min, the gradient can be shortened 
to 0 to 40% B in 60 min, with no change in the chromatogram except a 
reduction in run time. 


Once an adequate separation has been achieved as in Fig. 11.8b, a seg- 
mented gradient (Section 8.3.4) can in some cases further shorten the run 
time, with no loss in resolution. The wide spacing between bands eluting after 


40 min in Fig. 11.85 suggests the use of a steeper gradient beginning at about 
40 min (when the last critical band pair has left the column). A final segmented- 
gradient separation-_obtained_by trial-and-error is shown _in Fig, 11.8c, where 


run time has been shortened to 45 min (0:25:60% B in 0/37/45 min). Although 
bands eluting after 40 min appear to be poorly resolved, this is not the case, as 


—_——————shown in the expanded chromatogram of Fig. 18d (R, > 1-7 for these bands). 


11.2.1.2 Variables for Changing Selectivity. If an adequate separation of 


the sample cannot be achieved by a decrease in gradient steepness (control 
of k*), conditions should be altered so as to change either the column plate 
number (N) or 


samples generally postpone a change of column conditions (N) until band 
spacing (selectivity) has been improved. Table 11.5 summarizes several vari- 


ables that can be used to change selectivity. Some of thesevariables—are 
effective for peptide separations but unsuitable for protein samples. Changes 
in gradient steepness are convenient and have been shown to be a general and 


effective means of changing selectivity for both peptide and protein samples 
[36-41]. An example is provided by the myoglobin tryptic digest of Fig. 8.15, 
where the flow rate was changed from 1.5 to 0.5 mL/min with no change in 


gradient time. This is equivalent to a threefold change in gradient steepness 
(smaller k*, Eq. 11.1), and results in numerous changes in band spacing, some 


of which are shown in Fig. 8.15b. 


TABLE 11.5 Variables for Changing Selectivity in 
the RPC Separation of Peptides and Proteins (Listed 
in Order of Decreasing Utility) 


Peptides’ Proteins 

Gradient steepness Gradient steepness 
Temperature Temperature 
Bonded phase Bonded phase 

pH 


TFA concentration 
Effective ion-pair reagent 


° Including small proteins (molecular weight < 10,000 Da). 
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A change in temperature is a powerful means of changing band spacing 
for peptide and protein samples [36,41]. This is illustrated in Fig. 11.9 for the 


rhGH sample-of Fig. 11.8. Here, only the critical peaks (7 to 15) of Fig.11.8 
are shown. Conditions are kept constant except for a change in temperature, 
omen numerous oe in baad ae result, For the runs of Fig. 11.9, the 


the-partiałl 


separation of each of these sete. Similar aa in selecüvity with temper- 
ature have been found for vii peptide and protein mixtures [41,42]. The 


selectivity ifferences res 


changes are independent [36, 41). Thus, the selectivity changes resulting from 
manipulating these operating variables together can be effective in the separa- 


tion of complex samples. 
Changes in gradient steepness and/or temperature are convenient to per- 
form (no change in mobile phase or column), and for this reason should be 


explored first as a means of improving band spacing (æ) for the separation of 
a peptide or protein sample. Columns that are stable at low pH and high 
temperatures (sterically protected alkyl-silica or polymeric packings) are pre- 


ferred for this approach (Section 5.2.3.4). For temperatures above 40°C, it is 
important to precondition the incoming mobile phase to column temperature; 
3 : 3 


If the combined variation of gradient time and temperature does not result 
in ue adequate RA al the sample, a different column type sl shouid be 


of Fig. 11.10. This aaran of smali peptides shows deei anr retention 
with the shift from the longer-chain more-hydrophobic Cg and Cig n-alkyl 


’ = 3 . ’ 
there is an effective change in selectivity. For peptide LS (LeuLeuValTyr), 
the elution order shifts with bonded-phase type, with this peptide eluting 


between L4 and Ló on the long-chain bonded phases and between L7 and 
L8 for the more polar C; and CN bonded phases. 
Other means of changing selectivity are noted in Table 11.5. If a peptide 


sample contains components having differing numbers of basic amino acid 
residues, a change in the concentration of TFA can create large changes in 
band spacing. This is illustrated in Fig. 11.11 for the separation of several 


synthetic peptides. The TFA concentrations (0.02 to 0.8%) are indicated for 
each chromatogram of Fig. 11.11. The peptides are numbered according to 
the number of basic amino acid residues in each molecule. For a low-pH 


mobile phase (Table 11.4), these basic amino acid groups will be protonated, 
creating a pone one on ne apace for each basic group present. AS ihe 


creating a jargee negative aie on he column (Section 7, 4, D. This leads to 
the increasing retention of basic peptices, pists those wae a greater 


numberofbasicam 


for this sample (0. 05% TFA), ieh provides a sraao of all five odes, 
TFA is a rather weak ion-pairing agent, and greater selectivity effects of this 
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Abs. (220nm) 


nan ë S ee ee R D xN 25 26 27 


Time (min ) 


j of rhGH_tryptic_digest_as_a_function_of temperature, 
Conditions as in Fig. 11.8, except 0 to 60% B in 60 min at temperatures indicated. 
Only bands 7 to 15 shown. (Computer simulations based on data of Ref. 36.) 
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300 SB-C18 


300 SB-C8 


Abs (210 nm) 


0 2 4 6 8 10 12 14 1 18 20 22 24 26 28 30 


Retention Time (min) 
L1—_Leu-Gly-Leu L6Leu-Leu-Leu 
L2 Leu-His-Leu L7 Leu-Leu-Phe-NH, 
L3 Leu-Arg-Leu L8 Leu-Leu-Phe 


L4 Leu-Leu-Leu-NH, L9 Leu-Leu-Val-Phe 
L5 Leu-Leu-Val-Tyr 


FIGURE 11.10 Gradient RPC separation of a nine-peptide mixture with different 
bonded-phase columns. Conditions: columns, 15 X 0.46-cm, 5-um Zorbax SB (300-A 
pore) with bonded phases indicated in figure (cyano, C3, Cg, Cis); 0 to 36% B in 


30 min; A-solvent, 0.1% TFA-—water; B-solvent, 0.1% TFA-—ACN; 1.0 mL/min; 40°C. 
(Reprinted with permission from Ref. 43.) 
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TABLE 11.6 Problems and Possible Causes in the Reversed-Phase Separation of 
Peptides and Proteins 


Problems 
Al. Wide, tailing, or distorted bands 
A2. Low recovery 


A3. Ghosting 
A4. Multiple bands for a single compound 
AS. Column performance changes with time; retention times not reproducible 


Possible causes 
B1. “Bad” column: acidic silica, too hydrophobic, pores too small, column 
unstable 


B3. Slow isomerization of prolines (cis to trans) 


kind can be achieved by the use of agents such as pentafluoropropionic and 


_sSheptafluorobutyric acid [44] or various alkane sulfonates (Section 7.4.1.3). 


It is also possible to vary pH for band-spacing changes. Large proteins 
often are poorly separated for a mobile phase pH > 2, but peptides can be 


2-<_pH <8. More-acidic_peptides_will be_more 
retained at higher pH, relative to less-acidic peptides, due to the protonation 
of carboxyl groups (Section 7.2.1). Columns that are stable at pH > 6 are 


——— required for high-pH operation (see the following section). 


11.2,1.3 Common Problems and Remedies. Apart from the need to improve 


separation selectivity, other problems may be apparent in initial method devel- 
opment experiments as described above. Some of these problems are summa- 
rized in Table 11.6, along with some possible causes. Wide and/or distorted 


bands (A1, Table 11.6) can result from the use of a “bad” column (B1, Table 
11.6). An acidic RPC column used with peptides or proteins can produce 
unwanted silanol-interaction effects, just as for any compound substituted 


with basic groups (Sections 5.2.1.1 and 7.3.3.2). Therefore, it is advisable to 
use only non-acidic columns (Table 5.4) for peptide or protein samples. 
Broad and/or distorted bands also can arise from two other column proper- 


ties: hydrophobicity and pore diameter. Certain proteins can interact strongly 
with a Cs phase; in these cases, shorter-chain less-hydrophobic bonded phases 


(e.g., Cs, cyano) may be preferred. A column packing with a pore diameter 


FIGURE 11.11 Separation of basic peptides as a function of TFA concentration. 
Conditions: column, 25 X 0.46-cm SynchroPak Cis; A-solvent, water plus % TFA 
indicated; B-solvent, acetonitrile plus indicated % TFA; gradient from 0% B at 1%/ 


min; 26°C; 1.0 mL/min. Sample: peptides containing 4 to 10 amino acids; number for 
each band indicates number of basic amino acids in peptide (equal to positive charge 
on peptide under these conditions). (Reprinted with permission from Ref. 44.) 
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that is only slightly greater than the hydrodynamic diameter of the molecule 
can also give band broadening and tailing because of restricted diffusion 


[17,18]. This suggests the use of larger-pore packings for larger proteins (Sec- 
tion 11.2.1 and [45]). 
Problems Al to A4 of Table 11.6 can also occur as a result of partial 


denaturation of the sample (B2, Table 11.6 [4]). Under reversed-phase condi- 
tions, most proteins are Genetured by the combined PBe of low pH, the 


hobie t bonded phase (conditions of Table 11 4). Saitie an. however, 
resist complete denaturation under the initial conditions of separation. These 


compounds can then exist-as two or more distinct or interconverting species 


that migrate through the column with different retention times. Partial dena- 
turation can result in band broadening, peak distortion, and the appearance 


of multiple-bands for a single protein (A4, Table 11-6). Partial denaturation 
may also favor protein aggregation on the column, resulting in low recovery 
of eluted protein (A2, Table 11.6) and ghosting (A3, Table 11.6; the appearance 


of the protein band in subsequent runs where the protein is not injected). 
Conditions that favor complete denaturation of the sample and minimize 
problems Al to A4 of Table 11.6 include: 


- Low pH separation; 0.1% TFA is preferred for most samples; 10 to 
25 mM phosphoric acid is better for very hydrophobic proteins 


: Acetonitrile as organic solvent; propanol may be preferred for very hydro- 
phobic proteins 


-A column temperature of 50 to 80°C 
: Pretreatment of the sample by dissolving it in 6 M urea or guanidine 
hydrochloride (at ambient temperature only!) 


- A more hydrophobic bonded-phase packing (long-chain vs. short-chain 
alkyl bonded phase) 


+ Addition-of zwitterionic_detergents_for_the-separation_of_larger_and/or 
more hydrophobic proteins (anionic detergents such as SDS frequently 
cause problems with recovery and peak shape) 


Proline isomerization (B3, Table 11.6) has been observed mainly with 
peptides [14,15], resulting in the splitting of the peptide band into two overlap- 


ping peaks. Assuming that this separation is undesirable, raising the tempera- 
ture to 50°C or higher results in rapid on-column isomerization and the elution 
of a single sharp peak. 


Changes in column performance (A5 in Table 11.6) with time are usually 
the result of an unstable column, especially when used at low or high pH 
(3 > pH > 7). Typically, bands get broader and resolution worsens after 50 


or fewer injections. When this problem is seen, a change to a different column 
is usually recommended. Polymeric column packings and heavily bonded 


_—________ (polymer-coated) silica, alumina, or zirconia columns are more stable to pH 
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extremes (especially Al and Zr) but are also less efficient and are used primar- 
ily for preparative separations. For analytical application, a better choice is 


an _atkytsitica packing that is stable for the i 
For low-pH operation, sterically protected packings are best (Section 5.2.3. 1). 
For high-pH operation, fully end-capped Cs or Cyg columns are recommended, 


with organic or borate buffers (tris, citrate) that are less aggressive toward the 
column packing [25a, 46]. Changes in performance (e.g., decreasing retention 
times, baseline variations) when a fresh silica-based column is used at low pH 


usually are caused by a loss of bonded phase. Users often view this as a need 
to “equilibrate” the column before use (sometimes for hours with a flowing 
mobile phase). However, columns that are appropriately stable in such an 


environment should require only a short equilibration (15-20 column volumes 
with the strongest solvent to be used); sterically protected column packings 


are 
at intermediate and high pH when used with (1) lower operating temperatures; 
(2) lower ionic strength mobile phases; and (3) organic or borate buffers 


______(Seetion 5.2 


11.2.2 Ton-Exchange HPLC 


For the isolation or purification of proteins in their bioactive form, IEC is the 
preferred HPLC method for molecules larger than about 20,000 Da. Unlike 


RPC, which tends to denature large proteins, IEC preserves the native confor- 
mation and maintains bioactivity. IEC is also useful for the analysis of peptide 
and protein mixtures, because it provides a different basis of retention and 


different selectivity compared to RPC (Section 7.5.1). IEC usually provides 
somewhat less resolution of complex samples than is provided by RPC, but 
IEC can still be regarded as a high-resolution technique. 


Compounds differing in charge are more likely to be separable by IEC 
than by RPC. Figure 11. 12a shows the separation of a protein sample (histone 
isoforms) in whi 


X and position of phosphate groups in each molecule (X = +1 to +7). A 
eae mimber pt oe onegia Erone S the positive cee on the 


tion. The cimitacity of the compounds i in this pke toward IEC separation, 
apart aon phospeate substitution, is shown sue a the Dates shee of Fig. 


sample has been re- pais with the same conditions: Now, only two major 


peaks are resolved. 


For cation exchange, retention increases as mobile-phase pH decreases, 


because the increased positive charge on the solute is more strongly attracted 
to the negative charge on the stationary phase. For anion exchange, retention 


increases as mobile-phase pH increases. When the pH equals the pI value of 
the peptide, the net charge on the molecule is zero and retention will be 
minimal for either anion-exchange chromatography (AEC) or cation- 
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COLUMN: PolyCAT A, 200 x 4.6 mm (5 um; 1000-A) 
ELUTION: Gradient of NaClO, 


hi 5 hat 
(a) (+6) (+6) phosphate groups 
0.6 HH p feses (cf. ES-MS) 
0 eana a) 
(?) 
(+t) (0) 
0.3 U 
Ania 
0 
(b) Treated with | 
J.O Alkaline Phosphatase 
0.3 
$ 80 100 120 
TIME (Min) 


FIGURE 11.12 Fractionation of H1 histone isoforms from Tetrahymena macronu- 


cleus. Conditions: column, Poly CAT A (weak cation exchanger); 35 to 45% B in t50 
min; A-solvent, 10 mM sodium phosphate; B-solvent, A-solvent plus 1 M sodium 


PA Ponne of ae in (9) by lad MS. (a) C a 


Ref. 47. ) 


exchange (CEC) chromatography. However, only one side of a (large) protein 
molecule will contact the stationary phase, and there will usually be a net 


charge on that side because of an uneven distribution of charged groups 
throughout the molecule. As a result, significant JEC retention can occur for 
proteins even when pH = pl [48]. Because of this uneven charge distribution 


in the protein molecule (as well as other factors), it is possible to separate 
proteins having the same charge, as illustrated in Fig. 11.12 (e.g., two com- 
pounds with +1, 2, 5, or 6 phosphate groups are separated). 


At pH 3.0, the —COOH groups in peptides and proteins are non-ionized, 
while basic residues (Lys, His, and Arg, as well as the N terminus) are proton- 
ated and positively charged. Thus, almost all peptides and proteins have a net 


positive charge at pH 3.0 and can be retained and separated using cation 
exchange with a salt gradient. A pH of 3 is therefore recommended for the 


___________jnitial cation-exchange separation of small peptides. This is illustrated in Fig. 
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KEY (Net Charge pH 3) 


Ax Oxytocin (+1) 
B= [Arg®]- Vasopressin (+2) 


D= Substonce P, free acid (+3) 
E = Substance P (+3) 


F = Bovine Pancreatic 
Polypeptide (+5) 


G= Angierfish Peptide Y (+6) 


He Human Neuropeptide Y (+7) 


Ò 
% BUFFER B 


O 10 20 30 40 50 
TIME (MINUTES) 


FIGURE 11.13 Separation of peptide standards by cation-exchange chromatography. 
Conditions: 20 X 0.46-cm, 5 wm, PolySULFOETHYL A; 0 to 100% B in 40 min; 


A-solvent, 5 mM HK,2PO, (pH 3.0) in 25% ACN-—water; B-solvent, solvent-A plus 
0.25 M KCI; 1.0 mL/min; ambient. (Reprinted with permission from Ref. 49.) 


11.13 for a mixture of peptide standards. However, because low pH promotes 


denaturation, a pH below 5 is rarely used for IEC protein separations. 
IEC is often used in combination with RPC for the isolation of a peptide 
or protein from a complex mixture. This is illustrated in Fig. 11.14 for the 


two-step separation of a recombinant protein. In this case, an RPC fraction 
(Fig. 11.14a) containing the protein of interest is further separated by IEC to 
yield a pure protein fraction (Fig. 11.146, arrow). Usually, it is better to 
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separate by IEC first and RPC last, because column capacity is greater for 
IEC, and fractions from IEC can be injected directly onto RPC. 


11.2.2.1 Preferred Conditions for an Initial Separation. Table 11.7 summa- 
rizes preferred conditions for an initial separation of proteins by IEC. If it is 


not known whether the protein of interest is acidic or basic, either AEC or 
CEC can be used initially. If the sample is unretained under these conditions, 


change from_-AEC to CEC, or vice versa. 


Salt. The use of NaCl permits monitoring at low wavelengths such as 220 nm, 


but for pH <5, the HPLE system must 
Sodium acetate is non-corrosive, but its use limits detection to > 230 nm (with 
a loss in sensitivity). Sodium sulfate or phosphate can also be used; both are 


transparent and non-corrosive. Lower concentrations of the tatter salts (0.05 


to 0.1 M) can be used because of their stronger displacing action (Section 
7.5.1.2). Also, a different salt can be used to change selectivity (Section 


11.2.2.2). 


Organic Solvents. In some cases it is desirable to add organic solvent to the 


A- and B-solvents. Aggregation of the sample or the use of hydrophobic 
column packings can result in peak broadening and distortion for some samples 
(Section 11.2.2.3). The addition of as little as 10% methanol or acetonitrile to 


the mobile phase can eliminate these effects, provided that the solvent is 
compatible with the column packing. Higher levels of organic solvent can 


| bioactivity l | 4 j i i : 
binant proteins may tolerate mobile phases with less than 70% organic solvent 
(with recovery of bioactivity once the solvent is removed). 


Alternatively, the-objective_-may_be_the_analysis_of _a_protein_mixture,_or 
the purification of a protein for sequencing rather than its recovery with 
biological activity. In many such cases, peak shape is optimized by including 


10 = z . 
The advantage of organic solvent addition is illustrated in Fig. 11.15 for the 
separation of variants and degradation products in an aged sample of recombi- 


nant human growth hormone (rHGH). The better separation with a mobile 


FIGURE 11.14 Two-step purification of recombinant «-bungarotoxin produced in 
Escherichia coli as a fusion protein. After preliminary AEC purification, the fusion 


protein was cleaved by CNBr. The biologically active fraction from an_initiat RPE 
separation (a) was further separated by CEC (b). The arrow in (b) indicates the active 
compound. Conditions (a): column, 25 X 0.22-cm Vydac Cs; acetonitrile-water (TFA) 


gradient:1.0-mL/min—Conditions_(b)-celumn,20-0.46-em PelyC AT A{WEX); 
0-100% B in 40 min; A-solvent, 25 mM sodium phosphate (pH 6.0) plus 10% acetoni- 
trile; B-solvent, 500 mM sodium phosphate (pH 7.0) plus 10% acetonitrile; 1.0 mL/ 


min_(Reprinted with modifications from Ref. 50.) 
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TABLE 11.7 Preferred Initial Conditions for the Analytical lon-Exchange HPLC 
Separation of Acidic or Basic Proteins 


Condition 
Acidic Protein“ Basic Protein’ 

Variabl (Anion Exct Cation Exct 
Column‘ 

Bonded phase DEAE, SAX, PEI CM, SP 

Size 5=25 X 0.46 cm 5-25 X 0.46 cm 
Mobile phase 

A-solvent 10 mM tris or phosphate 10 mM bis-tris or phosphate 

(pH 8) 
B-solvent Same as A-solvent plus 0.5 M NaCl or sodium acetate 
Gradient 0-100% B in 30 min 
— Temperature 35°C 

Flow rate 1.0 mL/min 
Sample size 

Volume 10-50 uL 

Weight 1-100 ug 
° DEAE, diethylaminoethyl; SAX, strong anion exchange (quarternary ammonium); PEI, poly- 
ethyleneimine. 


> CM, carboxymethyl; SP, sulfopropy]. 
€ For particle and pore diameter, see Table 11.4 for RPC conditions. 


phase containing 40% ACN (b) vs. 
products, formed by conversion of Asn residues to Asp and isoAsp residues 
(see Fig. 11.3), elute earlier from this cation-exchange column as a result of 


the negative charge on-AspandisoAsp-atthis pH. 


improving Separation. If the sample is retained in the initial experiment, the 


next step is to- vary gradient conditions {initial and final -%-B, pradienttime) 


as described in Section 8.3. A decrease in gradient steepness (increase in 
gradient time) can be used to improve resolution, as illustrated i in Fig. 11.16 


for-the-separation-of-a-crude-sample—of : 
decreases from (a) 4.44 to (c) 1.11 mM NaCl/min, resolution improves. How- 
ever, run times much in excess of an hour should be avoided in IEC, as this 


may result in tow recoveries and/or tittle improvement in separation. 
11.2.2.2 Variables for Changing Selectivity. Unlike the case of RPC, a 


change in gradient steepness or temperature is less likely to affect band spacing 
in IEC separations of proteins. On the other hand, selectivity can be varied 
by a change in pH (Fig. 11.17a) or salt type (Fig. 11.175). 


11.2.2.3 Common Problems and Remedies. Recovery is sometimes a prob- 
lem in the IEC separation of hydrophobic proteins and polypeptides. An 
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(a) Without MeCN 


l 
all 
i 
pt 
r! Mes 
v7 Pe eet te 2 oN Ts 
(b) With 40% MeCN tsoAsp(130) 
Deamidation GH 
variants - 
Deamidated 
(des Phe-Pro) GH 
/\_(des-Phe-Pro)-GH 


mally stressed recombinant human growth hormone (rhGH). (a) Gradient of 91:96:96% 
B in 0/60/70 min, no organic solvent; (b) 48:54:54% B in 0/72/91 min, 40% ACN 


in both solvent-A_and solvent-B. Other conditions: column, 40 x 0.46-cm, 1000-A 


pore, PolyCAT A; solvent-A, 10 mM ammonium acetate, pH 4.0; solvent-B, same as 
solvent-A, except 250 mM ammonium acetate; 0.5 mL/min 30°C. (Courtesy of Dr. B. 
Welinder, Novo Nordisk A/S.) 


retention but increases hydrophobic ‘retention at higher salt concentrations 
(as in me seston ore of Fig. 6. cen AS a Tet, pen retention may 


peak taiag and poor rëcovery: This broblem can be minimized by the use 
of more hydrophilic IEC packings and/or addition of 20% ACN to the mobile 


phase. It is aiso helpful to ues salt gradients such as acetate or chloride that 


minimize hydrophobic retention. 


11.2.3 Hydrophobic Interaction Chromatography 
Most-hydrophobici ion c hy (HIC) col kings fea 


ture a hydrophilic coating that is lightly substituted with phenyl- or short alkyl 
groups [53 54], or ER PRAA glycol noT S Retention inesembice a 


“salting-out” 3 
protein solution results in precipitation of the protein, In similar Galion, 
HIC retention increases for higher salt concentrations (the opposite of ion 
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(a) £.44mM NaCl/min (b) 2.22 mM NaCismin (c) į 111mM NaCl/min 


15 20 25 20 30 40 30 45 60 


Elution Time (min) 


FIGURE 11.16 Separation of crude ovalbumin sample by ion-exchange HPLC. Con- 


A-solvent, 0.1 M tris-HC] buffer, pH 7.5; B-solvent, same as A-solvent except contains 
0.2 M NaCl, gradient times of (a) 45 min, (b) 90 min, and (c) 180 min; 1.0 mL/min; 
25°C. 51.) 


exchange). HIC separations are usually carried out with salt gradients (ammo- 
nium sulfate, citrate, or phosphate) that decrease in concentration during the 


separation. More hydrophobic proteins are retained preferentially, and in this 
respect HIC resembles RPC. Unlike RPC, proteins are usually not denatured 
during HIC separation, provided that the temperature does not exceed 30°C. 


It is not unusual to conduct HIC at low temperatures, such as in a cold room 
at 4°C, to both preserve biological activity and enhance separation. HIC is 
often used for protein isolation or purification, but analytical HIC is less 


common. 


111.2.3.1 Preferred Conditions for HICS, on F initial HIC pradi- 
ent separation, a 10-25 x 0.46-cm column can be used with a flow rate of 0.5 
to 1.0 mL/min (column back pressure tends to be higher than for other HPLC 


———————— methods). Solvent B-can be 25m potassium phosphate in water; solvent A 
is the same as B plus 2.0 M ammonium sulfate. Retention in HIC is less 
influenced by pH than for IEC, so a pH of 6 to 8 is used in most cases to 


preserve bioactivity. A gradient from 0 to 100% B is run in 25 to 40 min 


(ambient temperature) with UV detection at 210 to 280 nm. The baseline 
tends to rise when absorbance is monitored at 220 nm and to fall when 


monitored at 280 nm; drift is less severe at 254 nm. It is important to use 
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pH-6 pH-8 Na,SO, NaCl 
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FIGURE 11.17 Effects of pH and salt type on band spacing in the anion-exchange 
separation of a protein sample. Conditions: 5 x 0.4--m WAX-2 column (300-A-pore 


weak anion exchanger), 0 to 100% B gradient in 20 min; 1.0 mL/min. Sample: 
1, myoglobin; 2, transferrin; 3, a;-acid glycoprotein; 4, a-lactalbumin; 5, soybean trypsin 
inhibitor. (a) A-solvent, 0.02 M phosphate buffer; B-solvent, 0.5 M phosphate buffer. 


(b) A-solvent, 0.02 t fer; B-solvent 0.5 M NaCl or Na2SO,. (Reprinted 


with permission from Ref. 52.) 


HPLC-grade phosphate salts in HIC, since reagent-grade phosphate contains 
UV-absorbing impurities that can elute during the gradient as artifact peaks. 


If the sample is retained too strongly, a weaker (less hydrophobic) column 
can be used; a stronger (more hydrophobic) column can be used to increase 
___ retention. Retention in HIC increases for longer bonded-phase ligands (e.g., 


retention for propyl > ethyl, as in Fig. 11.18). Note also the different selectivity 
for the latter two sepa uen [band reversal of pene A (RNS) and 


often for protein RAS Te Butyl or amyl ligand: can 1 be used for less 
hydrophobic proteins, and hydroxypropyl or methy! ligands for more hydro- 


phebie-preteins. 
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PolyETHYL A CTC Cytochrome C (horse) 
RNS Ribonuclease A 
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| | Pez CON Conalbumin 
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FIGURE 11.18 HIC separation of protein standards on columns of differing hydro- 
phobicity. (Adapted from Ref. 54.) 


HIC separations can be optimized by changes in gradient conditions, as 
discussed in Section 8.3. Shallower gradients will improve resolution, and run 


time can be reduced by starting with a lower salt concentration (e.9., t M 
instead of 2 M) and/or finishing with a higher salt concentration (e.g., 0.5 M 
vs. 0.0 M). Selectivity can be varied by a change in pH, column type, or by 


adding up to 10% propanol to the mobile phase. 


113 SEPARATION OF OLIGONUCLEOTIDES 


e separation of mixtures of oli cleotides (oli: is of interest in co = 
tion with synthetic oligos and nucleic acid digests. Synthetic oligos from solid- 
phase synthesis are made initially as the srityl-on derivative, where the oligo 
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product is attached to a very hydrophobic 4,4’-dimethoxytrityl (DMT) group. 
The much greater hydrophobicity of the DMT group facilitates the RPC 


(not attached to DMT). These “‘trityl-on” RPC separations are often used to 
purify crude oligo samples. Typical conditions are: 25 X 0.46-cm, 5 to 10-4m, 


Cig Or polymer column; 1 to 2 mL/min; 0 to 40% ACN-buffer gradient in 
30 min; an often-used buffer is 0.1 M triethylammonium (TEA) acetate, pH 7. 
However, note that this (volatile) mobile phase has a marginal buffer capacity 


at pH 7, suggesting the addition of 10 to 20 mM phosphate or tris (non- 
volatile) for more repeatable separations. The trityl-on separation of a crude 
synthetic oligo is shown in Fig. 11.19 (29-mer). For further details concerning 


trityl-on RPC separations of synthetic oligos, see Ref. 56. 
Other oligo samples (‘‘trityl-off” synthetic oligos, nucleic acid digests) can 


be analyzed or purified by HPLC. 


competes successfully with HPLC for sample analysis, and polyacrylamide gel 
eee ares GAGE) is an alternative to HPLC for sample poricavion, 


faa are often sufficient. Nevertheless, it has been Gained [57] that HPLC 
with small non-porous particles can provide separations of oligos with less 


than 30-nuclłeotides that-are superior to those by CE. Similarly, HPEC-has 
advantages compared to PAGE [56]. Because these alternatives to HPLC are 
available and are more widely used at present, the following discussion of 


oligo HPLC is somewhat brief. 


5 


5.52 


2.47 
3.35 


FIGURE 11.19 Reversed-phase separation of crude trityl-on 29-mer oligonucleotide 


(5'-DMT-d[GTGTTTTTTCTTTCGATCCATTTCTTAC)). Conditions: 30 x 0.78-cm 
zBondapakC;s; 20:30:30% B in 0/10/15 min; A-solvent, 0.1 M triethylamineacetate, 
pH 7.0; B-solvent, ACN; 4 mL/min. (Reprinted with permission from Ref. 56.) 
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Mixtures of oligos usually consist of compounds having different numbers 
(n) of nucleotides in the molecule. An individual oligo is then referred to by 


its mer number n. A crude synthetic oligo will ordinarily contain the single- 
stranded product or n-mer and various sequence failures (n - 1, n - 2, etc.), 
as well as other impurities. A nucleic acid digest will contain a series of double- 


stranded oligos with different mer numbers, but adjacent oligos in the chro- 
matogram usually differ by several mers. The HPLC separation of oligo sam- 


ples can be carried out in either an ion-exchange (IEC) or ion-pair (IPC) 
mode. In either case, separation depends on the negative molecular charge 
Spel by este ee Bopi ma TORN the oaeo backbont rie 11.4a). 


ae of ihe oligo, and retention in either IEC or IP increases with the 
pogai PEA on thie molecule; thereiore: oe a higher mer aia 


in the retention of different nucleotides [58]: C< G < An T (IPC), Z A<T 
= C < G (weak AEC), and C < A < T (strong AEC). 


11.3.1 Ion-Pair HPLC 


Typical conditions for these gradient separations are a reversed-phase column 
with an ACN-buffer gradient. An often-used buffer is 0.1 M triethylammo- 
nium acetate (TEAA), pH 7.0, where the protonated TEA serves as the ion- 


pair reagent (see the comment on this buffer above). Polymeric columns are 
more often used than bonded-silica columns and are more stable for mobile 
phases where pH > 6. Other conditions are similar to those in Table 11.4 


for RPC peptide separations, except for the more frequent use of smaller 
(< Sum) and/or nonporous particles. For oligos with n < 25, a 100-A-pore 


packing can be used; for larger oligos, use a 300-A-pore column [59]. After 
an initial separation with these conditions, resolution can be increased by the 
use of shallower gradients, and run time can be reduced by narrowing the 


gradient-range_(Section 8.3). 
The ion-pair separation of oligo samples is sometimes referred to as 
reversed-phase chromatography. However, the RPC retention of such highly 


ionized, hydrophilic molecules would-be expected to be inadequate were it 
not for the use of TEAA as “buffer.” In fact, protonated triethylamine serves 
as an effective ion-pair reagent to more strongly bind ionized oligos to the 


column packing. Figure 11.20 shows the separation of a mixture of poly-A 
oligos (12 < n < 30) by IPC with a small, non-porous polymeric column 
packing [58}. Individual oligos differing by one mer can be resolved to baseline 


for n as large as 30. 


11.3.2 lon-Exchange HPLC 


Typical conditions are as follows: 3-10 Xx 0.46-cm non-porous AEC column 
with a particle diameter < 5 ym; a0 to 100% B gradient in 30 to 60 min; 
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FIGURE 11.20 Separation of 12- to 30-mer mixture of poly-A synthetic oligos 
(pdfA} 2. 3) by ion- ipar ees ee column 5x 0. K 2 3-um non- pro 


pH 7.0; B- soven, A- eS pius AA ACN: 1 mL/min; 40°C. (Reprinted with peis 
sion from Ref. 58.) 


A-solvent, 20 mM tris (7 < pH < 9); es solvent, same as A plus 1 M NaCl; 1 


to 2 mL/min, > 40°C. After 
resolution can be increased by the use eof shallower gradients, and run time 
can be reduced by narrowing the gradient range (Section 8.3). 


Some examples of the IEC separation of oligo samples are shown in Fig. 
11.21: (a) separation of a poly-T mixture (12 < n < 18) at 25 and 60° C 
(b) separation of a crude 48-mer oligo; (c) separation of a nucleic acid digest. 


The advantage of higher-temperature operation is clear from the example of 
Fig. 11.21a. Apart from a higher value of N at 60° C, higher temperatures 
reduce inter- and intra-molecular base pairing (Section 11.1.1.2). For a further 


discussion of HPLC oligo separations, see Refs. 6, 8, and 56. 
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Size-exclusion chromatography (SEC) with an aqueous buffer as mobile phase 
is commonly referred to as gel filtration. SEC is widely used for the separation 
and characterization of biological macromolecules, especially proteins. Unlike 
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FIGURE 11.21 Separation of various oligonucleotide samples by anion-exchange 
chromatography. Column: 3.3-um, non-porous DEAE polystyrene—D VB. (a) Sample, 
mixture of poly-T synthetic oligos (p{dT];2.13); column, 10 X 0.46-cm: 5:30:45% B in 


0/1.5/4-S-min;-solvent-A, 20-mM _tris-HCl in water, pH 9.0; B-solvent, A-solvent-plus 
1 M NaCl; 2.0 mL/min; temperature shown in figure; (b) sample, crude 48-mer synthetic 
oligo; column, 30 X 0.46 cm: 10 to 90% B in 5 min; solvent-A, 20 mM tris-HCI in 
water;_B-solvent, same—as_A-solvent_plus_1_M NaCl, pH 8.0: 2.0 mL/min: 60°C: 


(c) sample, digest of pGEM-3Z DNA; column, 30 x 0.46 cm: 30:45:48% B in 0/0.5/ 
; min; solvent-A, | mM EDTA in 20 mM; ideale in water; B- solvent, same as 
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other HPLC methods discussed in this book, the attraction of sample molecules 
to the stationary phase is minimized as much as possible. This has two important 


consequences: (1) SEC is the least likely HPLC method to denature a sample 
or to result in low recoveries, and (2) systematic method development is simpler 
(and quite different) than for RPC, IEC, or HIC. For this and other reasons, in 


this section we discuss SEC only briefly, with emphasis on issues of general 
rather than specific application. For further details, see Refs. 5, 8, 61, and 62. 


11.4.1 The Basis of SEC Retention 
Figure H-22a provides-a simplistic picture-of SEC retention interms-ofthe 


respective sizes of sample molecules and column-packing pores. The pores of 
the packing in (a) are represented by the blank regions between the particle 


as solid circles. The larger of the two molecules is too wide to enter the 
packing pores and is said to be excluded from the packing. The smaller of the 


two molecules is able to enter the pore network, and therefore spends a 
smaller fraction of its time in the mobile phase. As a result, smaller molecules 
move through the column more slowly. 


Figure 11.226 provides a more realistic picture of SEC retention, again for 
a large and a small sample molecule. In this case, both molecules are small 
enough to enter a packing pore, but even in this case the small molecule will 


SSS3 


f, 
f 
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SINGLE -PORE-SIZE-SEPARATES 
MOLECULES = 10/5 a MW 


x 


(a) b) 


FIGURE 11.22 SEC retention as a function of sample molecule size and pore diame- 
ter. See the text for details. 
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be more retained. The partitioning of sample molecules between the mobile 
phase and column packing is determined by the volume available to the center 


of the molecule in each phase. The larger this volume in the column packing, 
the greater is retention. The center of a smaller molecule can approach the 
side of a pore more closely, so that the available volume is greater. These 


respective available volumes for the two molecules of Fig. 11.22b are repre- 
sented by the dashed lines within the pore. The small molecule has a larger 


volume—available_to-its-center,_more—of these-molecules—will be-inside—the 
packing at any time, and the small molecule will therefore leave the column 
later than the large molecule. 


€ i i i ion as a function of molecular 
size and (2) column efficiency or bandwidth. As shown in Fig. 11.22, retention 
depends on molecular size and column-packing pore diameter. This relation- 


ship is best expressed in terms of a calibration plot of log (molecular weight) for 
the sample vs. retention time or (preferred) retention volume. A hypothetical 
calibration is shown in Fig. 11.23a. Sample molecules with molecular weights 


larger than a certain value [about 10° in Fig. 11.23a] are totally excluded 
from the packing pores and have a retention volume Vr = V, (equal to the 


weights 
less than a certain value [about 10° in Fig. 11.23a] have complete access to 
all the pores (total permeation) and have a retention volume (V, + Vi) = V, 


The chromatogram at the bottom of (a) illustrates the consequences of the 
calibration curve. Band C has a retention volume V, (total exclusion), and 
any compound with a molecular weight above 10° will overlap compound C 


(i.e., no separation is possible among compounds that are excluded from the 
packing). Similarly, band F has a retention volume (V, + V,), and all com- 
pounds with molecular weight < 10° will overlap compound F. Compounds 


D and E in Fig. 11.234 have different molecular weights and different retention 
volumes and can be separated from molecules differing i in size. The molecular 


to 10° in Fig. 11.23a] 


is referred to as the fractionation range of the column packing. 
When eal an SEC method, a column should be chosen that has a 


nents of inietest Figure 11. 23b shows tte fractionation ranges of s several SEC 
columns (dextran standards as sample). The small-pore packing (125 A) has 


a fractionation range of about 200 to 2 x 10*, while the large-pore packing 
(1000 A) has a fractionation range of about 10° to some large number 
(= 10’). Suppliers of SEC columns normally provide calibration plots for the 


columns they sell. 
Figure 11.23c and d show calibration plots for several proteins as sample 
on two different columns: the columns of Figs. 11.23c and d have nominal 


pore diameters of 250 A and 450 A, respectively. The open circles are data 
fora non- denaturing) mobile n while the closed cde are for a radenaturing 
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12 108 
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RETENTION VOLUME, Va 12103 


8 10 12 
retention volume (mi) retention volume (ml) 
(c) (d) 


FIGURE 11.23 SEC calibration plots. (a) Hypothetical plot of sample log (molecular 
weight) vs. retention volume [62]; (b) same as (a), except dextran standards and 
i diameter (see the 


except globular protein standards and 25 x 0.94-cm Zorbax GF-250 column; open 
circles, non-denaturing mobile phase is aqueous 200 mM ammonium sulfate adjusted 
to pH 8.1 with phosphoric acid; closed circles, denaturing mobile phase is 6 M guani- 


dine—HCI plus 0.1 M sodium phosphate, adjusted to pH 6.8 with phosphoric acid [17]; 
(d), same as (c) except Zorbax GF-450 column [17]. (Reprinted with permission.) 
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Column Pore Diameter Fractionation Range 


(A) Non-denaturing Denaturing 
250 (Fig. 11.23c) 3 x 10* to 5 x 10° 5 x 10 to 4 x 104 
450 (Fig. t1.23d) 3x 104 to 2-< 10° 3 xt to 2-165 


For non-denaturing conditions, proteins as large as 4 million dalton can be 
alegre on me pan 0-A- ‘Pore conn: Note Miar me use ofa RETE motile 


size in SEC separation (olule Ayarodynamie AS SEC retention is not 
an exact function of molecular weight, as can be seen from the scatter of the 


plots of Fig. 11.23c and d. Apart from the “non-ideal” effects discussed in 
Section 11.4.4, the apparent size of a molecule as inferred from SEC retention 
depends on molecular shape as well as molecular weight. Thus, a calibration 


plot for dextran standards would be different than a plot for native proteins 
(same column), because the shape of a dextran molecule (linear) differs from 
the shape of a native protein molecule (globular). For a further discussion of 


retention vs. molecular size and shape, see Refs. 61 and 64. 
Figure 11.24 illustrates the effect of packing pore diameter on the SEC 


tion on the small-pore Sephacryl S-100HR (a) results in elution of the 158- 
and PO KDa proteini near Vo Er with HA eeeoluon: si elas 


ation, with overlap of the bands for the (hires larger proteins. Use of the 
intermediate pore-size packing S-300HR results in a good separation of this 


sample, including a high-molecular-weight impurity I. 


11.4.2 Applications 


SEC can be characterized as a low-resolution HPLC method, because all the 


peaks in the chromatogram must fit within -a narrow retention range [V7 < 
Vr < (Vo + V;)}. It is unusual to see more than a half-dozen peaks resolved 
to baseline in an SEC separation. Consequently, SEC is not often used to 


analyze complex biological samples such as are separated routinely by IEC and 
especially RPC. The common applications of SEC fall into the following areas: 


on columns of different pore 


size. Conditions: sample is mixture of globular proteins; column, 65 X 2.6-cm, 46-um 
particles; 50 mM phosphate plus 150 mM NaCl, pH 7.0; ambient. (a)-(c) Only the 
column is different, as indicated in the figure. (Reprinted with permission from Ref. 63.) 
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‘Asians 440 kD 


Sephacryl? S-100 HR 


Sephacryl? S-300 HR 


Elution volume (mi) 


Asap om 25kD 


Sephacryl? S-500 HR 158 kD 
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- Preliminary separation of complex samples to isolate or purify a protein 
by a subsequent higher-resolution HPLC method (IEC, HIC, RPC, etc.) 


- Analysis of purified protein samples for the presence of dimer, trimer, 
or other aggregated species 


11.23c or d 


a protein of interest. Three species. F, HN, and HN—, were detected i by 
immunoassay in fractions from this separation. The collection of appropriate 


fractions from SEC would allow the partial purification of any of these three 
proteins, following which further purification would be possible by means of 
IEC, HIC, or RPC. 


Figure 11.255 shows the SEC analysis of a degraded sample of recombinant 
human growth hormone (rhGH). In this case the protein monomer is well 
separated from dimer and oligomer, allowing an assessment of the extent of 


A286 
0.005 + 
Azeonm Monomer 
0.011 
0.010} Oligomer 
œ HN 
E o— HN 0.009 
10 minutes 20 6 8 10 12 14 (min) 


(a) (b) 


tions: colina: “60 x 0. 75-cm TSK 4000S W: imobile ie piae aqueous 50 mM soda oles 
phate, pH 6.8, plus 100 mM NaCl and 0.1% Triton X-100; 1.0 mL/min; asterisk indicates 


Friton-X-100_peak_{65}:_(b) recombinant_human-_growth_hormone;-conditions:column, 
30 X 1-cm Superdex 75 HR 10/30; mobile phase, aqueous 50 mM sodium phosphate plus 
100 mM sodium sulfate, pH 7.3; 1.0 mL/min; ambient [66]; (c) human serum and constituent 


proteins; 1, human IgM; 2 human a-2 macroglobulin; 3, human IgA; 4, human IgG; 


5, human serum albumin; dashed line, total serum; conditions: 25 X 0.94-cm Zorbax 
GF250 and GF450 columns in series; 40 mM sodium phosphate plus 200 mM sodium 


sulfate, pH 6.8; 0.4 mL/min; RI detection [67]. (Reprinted with permission.) 
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FIGURE 11.25 (Continued) 


protein aggregation. Figure 11.25c shows the high-resolution separation of a 
human serum sample (dashed line) and overlapped chromatograms 1 to 5 for 
several-proteins-known to-be-presentin-blood-Ateastsixcomponents-are 


partially resolved in this separation. 


11.4.3 Preferred Conditions for an SEC Separation 


Method development for SEC involves the following choices: 


+ Column packing: pore size; bonded silica vs. polymeric 
+ Mobile phase 
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+ Column conditions 
- Column dimensions 


The choice of pore size has been discussed. If a wrong initial choice of 
pore-size_is_-made,_this_-will_be-clear from _the-first separation-(e.pas_in_the 


chromatograms of Fig. 11.24a or c). Bonded-phase silica packings are available 
in smaller particle diameters and are much more efficient than polymeric 


cal stability, relative to similar agarose-based and polymeric packings under 
higher-flow-rate conditions, thereby reducing sample analysis time. Therefore, 


silica-based packings are a first choice for analytical SEC separations. Poly- 
meric packings are generally available in larger particle sizes, which may be 
more practical for large-scale preparative separation. Polymeric packings are 


also more stable for use with high-pH mobile phases. However, SEC packings 
made from Zr-stabilized silica (Zorbax GF-250, GF-450) can be operated up 
to pH 8.5 [23]. The choice of mobile phase is dictated by two considerations: 


compatibility with the protein sample and a minimum interaction of the sample 
and column packing. The latter is discussed more fully in Section 11.4.4, but 
in general the mobile phase will consist of 0.1 to 0.2 M buffer in water. The 


best pH will vary with the column and sample, but most separations are 
oe in the PH 6 to A ign 


a aeaio ps pore deler $i been selected and sample: packing 
interactions have been minimized by the choice of mobile phase, the only 


way that-SEC separation-can-be-improved_further-is-by-inereasing column 
efficiency N (increasing column length, decreasing particle size, or decreasing 
flow rate; Section 2.3.3.2). 


The choice of cotumn dimensions in SEC is affected by limited sample 
retention (k < 0). This means that peaks are narrower than in other HPLC 
methods, other factors the same. Narrow peaks are more easily detected but 


are also more susceptible to extra-column band broadening (undesirable). For 
this reason, analytical SEC columns usually have internal diameters of 0.8 to 
1.0 cm, which increases all peak volumes and minimizes extra-column effects. 


With columns of 0.8 to 1.0 cm ID, flow rates of 0.5 to 2 mL/min are used in most 
cases. Columns of wider diameter can be used for the preparative separation of 
larger samples. 


11.4.4 Common Problems and Remedies 


The most serious problem in SEC separation arises as a result of interactions 
between the sample and column packing. These interactions are the result 


either of (1) silanols present in silica-based packings or (2) hydrophobic 
sample—packing combinations. Figure 11.26 illustrates the effect of silanol 
interactions in SEC separation. For a mobile phase pH > 5, silanols are ionized 
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Low ionic strength 
pH>pI 


Low ionic strength 
při<pI 


cele ne = 


ee ee ele 8 6 ~m 


OR) 


(e) 


as a result of ion exclusion of sample from particle pores; (c) separation as a result 
of ion-exchange retention of sample on silanols. See the text for details. 


and the column packing becomes negatively charged. At the usual pH of 


SEC separation (6< pH<8)}-theseonized-silanols-can-cause-two-kinds-of 
interaction with an ionized sample molecule: electrostatic repulsion and IEC 
retention. Electrostatic repulsion can occur when the sample molecule carries 


a negative charge -and the-buffer concentration inthe-mobiłe-phase-is-tow: 
As a result, the sample is repelled from the pores of the negatively charged 
packing. Figure 11.26a illustrates a hypothetical separation where there is no 


the sample and the packing. If 
electrostatic repulsion occurs, the separation changes to that shown in Fig. 
11.26b. The sample components are eluted near exclusion with poor resolution. 
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This can be corrected by increasing the mobile-phase ionic strength so as to 
neutralize this repulsion. In addition, decreasing pH so that the negative 


charge onthe- protein- molecule-and the-column_is reduced will also reduce 
electrostatic repulsion and help eliminate the problem of Fig. 11.260. 
If the protein molecule is positively charged, it can be retained on ionized 


silanols by ion exchange. This effect results in the tate elution (k > 0) of 
smaller proteins, as illustrated in Fig. 11.26c. Ion-exchange retention can be 
reduced by increasing the buffer concentration and/or increasing pH to reduce 


the positive charge on the protein. The separation of part (c) is actually better 
than that of part (a), and this is often the case when ion-exchange interactions 
are present in SEC. However, such interactions are best avoided if possible, 


GdmHCI concentration (M) 


Elution Volume (ml) 


FIGURE 11.27 The use of SEC to study protein folding: native and denatured 
lysozyme as a function of guanidine~HCl concentration. (a) chromatograms for differ- 
ent concentrations of guanidine in the mobile phase (1 to 7 M); N marks the native 


and U the unfolded (denatured) species; (b) fractional denaturation of lysozyme as a 
function of guanidine concentration; hatched circles, SEC; closed circles, near-UV 
circular dichroism; open circles, far-UV circular dichroism; (b inset) retention times 


of native and unfolded lysozyme vs. guanidine concentration. Conditions: column, 
30 XxX 1.6-cm Superose 12; 0.1 M phosphate buffer plus guanidine HCt; 0.33 mL/min; 
4°C. (Reprinted with permission from Ref. 68.) 
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because separation becomes less predictable, later bands may tail badly, and 
Anp recovery may aa AO In any case, eae on an re column 


to a Deesa of the ; attraction of a protein to an oppie aee 
column packing. 


that in Fig.11.26c-can-also-arise because-of 
hydrophobic interactions between the sample and column packing. In this 
case, an increase in buffer concentration will aggravate the problem, leading 


to even later elution of later bands. Hydrophobic interactions can be reduced 
by adding 5 to 10% propanol to the mobile phase. 


11.4.5 Protein Folding 


has Gained in importance in recent years, ‘due to the rendy availability of 
recombinant proteins. Figure 11.27 is an example of the SEC separation of 


ability to resolve folded and unfolded polypeptides, as well as (occasionally) 
folding intermediates, allows quantitation of the concentration of each species 


in a protein solution. This allows calculations of the thermodynamics of chain 
folding and stability of native and recombinant proteins [68-70]. 
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12.1 INFRODUCTION 


A chiral molecule is defined as a molecule that is not superimposible on its 


mirror image. The two mirror image forms of a chiral molecule are called 
enantiomers. Enantiomers have identical physical and chemical properties 
(except for the direction in which they rotate the plane of polarized light). A 


chiral molecule has one or more stereogenic centers, which are typically car- 
bons. These stereogenic carbon atoms are attached to four different substitu- 
ents, as in chlorobromomethanol: 


Cl Cl 
| | 

Br — C mnll) H H- C —— Br 
A i 


OH OH 
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The two stereoisomers are referred to as (+)- and (—)- (or dextro and levo) 
isomers, respectively, based on their direction of optical rotation under certain 


defined conditions. The actuat configuration in space at the stereogenic (chiral) 
center is designated as R or S. For a further explanation of stereochemistry, 
the reader is referred to Ref. 1. The interaction of two enantiomers with other 


achiral molecules or phases will be identical, so that enantiomers cannot be 
separated using the HPLC procedures described in preceding chapters. To 
achieve the separation of a 1:1 mixture of enantiomers (racemate), it is neces- 


sary to react the sample with a chiral compound or to interact the enantiomers 
with a chiral phase so as to form two diastereomers or diastereomeric com- 
plexes. Diastereomers have different chemical and physical properties and 


can be separated by HPLC. 
The separation of enantiomers is most readily accomplished by means 


of chiral chromatography. Chiral chromatography includes the use of gas 
chromatography (GC), supercritical fluid chromatography (SFC), capillary 
electrophoresis (CE), and HPLC, but chiral HPLC is the most widely used 


of these_four-methods._tn this-chapter-we-discuss-different-chiral stationary. 


phases (CSPs), and how to choose the best column, mobile phase, and chro- 
matographic conditions for a specific pair of enantiomers or class of enantio- 


mers. The ability of an HPLC separation to achieve the separation of two 
enantiomers is measured by enantioselectivity, the value of the separation 
factor a for the two enantiomers. A pair of enantiomers is considered to be 


resolvable if a > 1.1. 
The majority of enantiomer separations first reported in the literature were 
based on an initial reaction of a chiral molecule with an enantiomerically 


pure, chiral derivatizing agent. This reaction yields two diastereomers, one 
for each of the two enantiomeric analytes in the starting sample. The resulting 
two diastereomers could then be separated by conventional HPLC. This over- 


all procedure is referred to as the indirect method of chiral analysis. Since 
1980, chiral separations have been carried out mainly using chiral stationary 


phases (CSPs). The use of CSPs without derivatization is referred to as the 
direct method of chiral analysis. A method is considered to be direct if it 
involves the actual chromatographic separation of molecules that are enantio- 


—___merically_related_to-each_other_(..e., not- converted to covalent diastereomeri- 
cally related derivatives), and regardless of whether they are derivatized with 
an achiral Taam or oor Another ope oF emen method uses a chiral mobile- 


the aaen Resolution of these diastereomeric a a is ibed possible 


by HPLC. 


In the following sections we describe the three general procedures for 
separating enantiomers, using naproxen as an example. Naproxen [S-6- 
methoxy(methylnaphthyleneacetic acid), Fig. 12.1] is a non-steroidal anti- 


inflammatory drug, which is administered as the single (+) enantiomer. While 
special conditions are required for chiral HPLC, the more general information 
contained in Chapters 1 to 8 is still applicable. 
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12.1.1 Chiral Derivatization 


Chiral derivatization involves reaction of an enantiomeric molecule with an 


meric derivatives. The diastereomers can then be separated using either con- 
ventional reversed-phase or normal-phase HPLC (Chapter 6). The latter is 


usually preferred, because of its better selectivity for isomers (Section 6.6). 
It is important that no racemization occurs during the derivatization reaction, 
and the CDA should be optically pure (> 99%). The most common reactions 


of CDAs involve the formation of diastereomeric amides, carbamates, and 
ureas. Chiral derivatization was widely utilized in the 1970s and 1980s but is 
less used now because newer CSPs do not require pre-derivatization of the 


sample. Figure 12.2 shows the resolution of (+) and (—)-naproxen when 
converted to diastereomeric derivatives with L-alanine -B- naphthylamide. In 


this example the reaction of (+) and (—)- - 


carbodiimide and L-alłanine-g8- -naphthylamide i is quick (5 min) and straightfor- 
ward. Chiral derivatization is less favored in practice because of the greater 


———————+ime-and effort-required-and_the possibility-of racemization-or-different-reac- 
tion yields of the two diastereomers (leading to errors in the resulting 
HPLC analysis). 


12.1.2 Chiral Mobile-Phase Additive 


In this approach, an enantiomerically pure compound is continuously added 
to the HPLC mobile phase [chiral mobile-phase additive (CMPA)}. Reversed- 


or normal-phase HPLC is 
complexes between the analyte and CMPA. This procedure is not widely 
used, due to its inherent problems: the requirement for a continuing supply 


of the often expensive CMPA, detection difficulties, and frequent poorly 
shaped peaks with low plate numbers. An example of the separation of the 
enantiomers of (+) and (—)-naproxen on a reversed-phase column with the 


addition of quinine as the CMPA is shown in Fig. 12.3. This separation exhibits 
less than optimal resolution and a long run time (20 min) compared to other 
separations of the enantiomers of naproxen (Figs. 12.2, 12.4, and 12.5). 
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FIGURE 12.2 HPLC separation of the enantiomers of naproxen as the L-alanine- 
B-naphthylamide derivative. (Reprinted with permission from Ref. 2.) 


12.1.3 Chiral Stationary Phases 


“Direct” methods use a chiral substance that is chemically bonded (or coated) 
to a stationary-phase support to form a chiral stationary phase (CSP). The 


CSP interacts with analyte enantiomers to form short-lived, transient diaste- 
reomeric complexes. The binding strength of one of these complexes will be 
stronger than the other, resulting in differences in retention times for the 
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FIGURE 12.3 HPLC separation of naproxen enantiomers with the oe of qui- 
nine to - 


phase: 0.35 mM quinine and 0.35 mM acetic acid in dichloromethane; flow rate 1.0 
mL/min. (Reprinted with permission from Ref. 3.) 


enantiomer pair. As the majority of chiral separations reported in the literature 


are direct separations, we deal primarily with this approach in this chapter. 


Silica or aminopropy] silica is commonly used as starting support material, 
but particles of a polymeric chiral stationary phase also are available. The 
CSP can be attached to the support in various ways: covalently bonded, 


ionically bonded, or physically coated. For some analytes, enantioselectivity 
on a CSP is also enhanced by derivatization with an achiral reagent. For 


using the direct 
method both with and without derivatization. Figure 12.4 shows the separation 
of the enantiomers of the 3,5-dinitroanilide derivative of naproxen on a Pirkle- 


type (R)-N-(2-naphthyl)alanine CSP. Excellent resolution is observed, but the 
run time is long (> 20 min), and a derivatization reaction was required. 
Figure 12.5 shows direct separation of the enantiomers of naproxen without 


derivatization on a protein-type CSP (Section 12.2). Good resolution is ob- 
served, and the two enantiomers are resolved in less than 5 min. 
As seen in the examples of Figs. 12.1 to 12.5, there are many ways in which 


analyte enantiomers can be separated by HPLC. How is chiral HPLC method 
development best started for a particular sample? Is derivatization necessary 


for separation, or can the enantiomers be resolved directly with a commercial 


CSP column? These and other questions are addressed in this chapter. 


12.1.4 Principles of Chiral Recognition 
Chiral recognition refers to the ability of the CSP to interact differently with 


two enantiomers, leading to their HPLC separation. The nature of chiral 
recognition has been examined in several studies [5-7] and depends on the 
different interactions summarized in Table 12.1. The ability of the analyte 


and CSP to form transient-diastereomeric complexes utilizing hydrogen bond- 
ing, 7-7 interactions, dipole stacking, inclusion complexing, and steric bulk is 
the driving force behind enantioseparation. The relative binding strengths of 


these diastereomeric complexes determines enantioselectivity; one enantiomer 
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FIGURE 12.4 HPLC separation of derivatized naproxen on-a CSP. (a) Separation of 
3,5-dinitroanilide derivatives of R,S-naproxen on the (R)-N-(2-naphthyl)alanine CSP. Mobile 
phase: hexane-isopropanol (90: 10). Flow rate: 2.0 mL/min. UV detection at 254 nm. Temper- 


ature: ambient. (b) Same as (a), except S-naproxen containing about 1.0% R-naproxen. 
(Reprinted with permission from Ref. 4.) 
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FIGURE 12.5 HPLC separation of R,S-naproxen on the chiral AGP CSP. Mo- 
bile phase: 4 mM phosphate buffer, pH 7.0~isopropanol (99.5:0.5). Flow rate: 


0.8 mL/min. UV detection at 263 nm. Temperature: ambient. (a) Racemic mixture; 
(b) same as (a) for S-naproxen containing 1.5% R-naproxen. (Reprinted with permis- 
sion from Ref. 4.) 


is bound more strongly to the CSP support than is the other. Based on the 


carly work described in Ref. 8, it was proposed [9] that for enantiomers to 
be resolved, a minimum of three simultaneous interactions between the analyte 
and CSP are necessary, with at least one of these interactions being stereo- 


chemically dependent. Although there is still debate [10] as to whether or not 
a three-point interaction is necessary for chiral recognition, the most important 
factor in chiral HPLC is the CSP. In many cases, the only method development 


FABLE -12.1— Chiral Stationary Phases 


Type of CSP Chiral Recognition Mechanism Analyte Requirement Mobile-Phase Requirements 

Protein based (Section 12.2) Hydrophobic and electrostatic Ionizable groups (i.e., amine or Reversed phase only 
interactions acid); aromatic group helpful 

Cyclodextrin (Section 12.5) Inclusion complexation, H-bonding Polar and aromatic groups Reversed and normal phase and 


polar organic mode 


Polymer-based carbohydrates Inclusion complexation, attractive 


Ability to H-bond; steric bulk near Reversed and normal phase 


| ——— Eigand exchange* ~~ Coordination complexes to metals 


(Section 12.3) interactions chiral center helps 
Pirkle type (Section 12.4) H-bonding, 7-7 interactions, dipole Ability to 7 or H-bond; aromatic Mostly normal phase; reversed 
stacking group helpful phase usually less resolution 


ond oe n O 


a-Amino and a-hydroxy amino Reversed phase 


acids 


stacking; steric, hydrophobic 


pocket 


Ability to 7- or H- or dipole-bond; Reversed and normal phase 


steric buik near chiral center 
assists 


Source: Adapted from Refs. 11 to 13. 


? Not discussed in this chapter because of newness, limited data, and limited applications. 


Shs 
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required is selecting an appropriate column and varying the percent organic 
or type to control k. In certain cases, with specific samples and columns, 


on-pH, buffer type, or temperature. There-are 
four major classes of CSPs [11] as described in Table 12.1: protein, cyclodextrin, 
carbohydrate and Pirkle phases. Two other classes of CSPs are also available: 


ligand exchange and columns based on silica-based bonded macrocyclic antibi- 
otics. Ligand-exchange columns are not discussed in detail since they are 
used infrequently. Bonded macrocyclic antibiotic columns are now available 


commercially. However, this type of chiral column is so new that insufficient 
data are available to allow a definitive discussion and a systematic method 
development scheme to be developed. Nevertheless, the macrocyclic columns 


appear to have the capability to resolve enantiomers by several different 
interactive modes. They also seem to have many of the enantioselectivity 


properties of proteins and other polymeric selectors, with the advantages of 
good stability and good sample capacity [12,13]. 


12.1.5 General Considerations for Chiral HPLC Method Development 


12. 1. 5.1 Sample Information. This section assumes that the analyst has 


-Fhe-first-step-in 
chiral method development is to examine the chemical structure of the analyte. 
The analyst should identify the following information if possible: 


- Solubility in different solvents 
+ m- or hydrogen-bonding capability 


. pK, 
- Functional groups 


-UV spectrum 
- Bulky substituents 
: Inclusion-complexing capability 


All of these characteristics may play a role in determining the ability of a 


CSP to resolve the sample enantiomers. The two most important considera- 


tions are the type of substituent groups present in the analyte molecule and 
their ability to either (1) m- or H-bond (attractive interaction) or (2) sterically 
interfere with bonding. The arrangement in space of these substituent groups 


(relative to the analyte chiral center) plays an important role in enantiomer 
separations; In most cases, the closer a a group is to the ccna! center, the more 


that can bind to > thie stationary Support! devivatation| of the wane a may be 
necessary. Figure 12.6 shows an example in which hydrogen- and 7-bonding 


sites have been added to an amine through derivatization to the corresponding 
3,5-dinitrobenzamide derivative. This type of derivative provides the addi- 
tional binding sites required for chiral recognition. 
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ON NO, 


CSP Solute 
iti CSP and the more 


retained enantiomer of a chiral dinitrobenzamide. “B” indicates a basic site on the 
analyte molecule that is capable of hydrogen bonding to the CSP N—H. Other indicated 
interactions are 7-7 interactions between the aryl rings of the CSP and analyte, and 


a hydrogen bond between the acid N—H proton of the analyte and the ester (carbonyl) 
group of the CSP. (Reprinted with permission from Ref. 5.) 


12.1.5.2 Preparative Separations. When developing a chiral HPLC method, 


itis important_to-consider-if-the-procedure-might-be-used_for 
separation (Chapter 13). All commercial CSPs are available for analytical 
separations, but only some carbohydrate, cyclodextrin, and Pirkle CSPs (Sec- 


tions 12.3 to 12.5) are available in larger-ID (expensive) columns. The protein 
CSPs generally have low capacities and are less suited for preparative applica- 
tion when more than milligram amounts of purified product are required. The 


most widely used CSP for process-scale resolutions is cellulose triacetate 
(Section 12.3), since it is readily available and much less expensive than other 
CSPs [14]. Several recent reviews and book chapters discuss the preparative 


separation of enantiomers [14-17]. 


12.1.6 Selecting a Chiral Column 


Over 100 CSP columns are commercially available, although many of these 


columns are similar in structure and enantioselectivity. Several review articles 
or books [17-20] describe the basis of separation of different columns, and 
suggest which columns are best suited to certain types of analytes. Some 
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columns are better able to separate a wide range of sample types. A very 
rough order of CSP universality is 


protein > carbohydrate > Pirkle > cyclodextrin 


although this order may change with further improvements in these CSPs. 
Some limited suggestions for the choice of CSP for different sample types are 


listed in Table 12.2. Similar inf. ion is di 1 in Secti 12.2 to 12.5. 


12.2 PROTEIN-DERIVED CHIRAL STATIONARY PHASES 
FOR HPLC 


12.2.1 Introduction 


Some of the most versatile stationary phases for separating enantiomers are 


immobilized proteins. Racemates that are difficult to separate with other chiral 
phases often can be successfully resolved into enantiomers with a single column 
of a protein phase [21~24]. While many protein stationary phases have been 


proposed, six materials with somewhat different characteristics now have been 
commercialized in columns for chiral separations: bovine and human serum 
albumin, a,-acid glycoprotein (orosomucoid), ovomucoid, cellobiohydrolase 


(cellulase), and pepsin. These proteins have been covalently bonded to wide- 
pore ma pe polymene suppor for rapid dene ee that are aun 


Solin’ is that they are compatible with the aqueous buffered mobile haus 


widely used | in pa TOPR appia Prorom Hased oe columns a are 


solatively high alumi cost. 


12.2.2 Background 
-based and some Pirkle-type chiral columns 


usually are performed with relatively non-polar organic solvents (Sections 
12.3 and 12.4). Protein columns are used with buffered aqueous/organic mobile 


phases,which-permit 


stationary phases, often resulting in high selectivity for different enantiomers 
of a racemate. Changes in band spacing can be obtained conveniently by 


varying separation parameters such as pH, mobile-phase additives, organic 
modifier type, and temperature. A number of schemes have been proposed 
for optimizing separations with columns of the various protein stationary 


phases (see Section 12.2.8). These strategies reduce the complexity of selecting 
desired operating conditions and assist greatly in the rapid development of a 
suitable analytical method. 
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TABLE 12.2 Suggested Columns for Different Compound Types 


Class of Compound Type of CSP to Use 


Acids 


Amino acids 


Protein, cellulose/ 
amylose, Pirkle 
Crown ether, ligand 


Column Trade Name 


OVM, AGP, BSA, Chiralcel 
OD-OJ, Whelk-O-1 
CrownPak CR (+), 1- 


exchange, 


cyclodextrins, protein 


hydroxyproline, BSA, 
Cyclobond II 


Oxazolindones 


Pirkle 


Amines Protein, cellulose/ OVM, AGP, BSA, Chiralcel 
amylose, Pirkle, OD-OJ, CTA, DNBPG, 
cyclodextrins naphthyl alanine, Whelk-O- 

1, Cyclobond II 

Alcohols Protein, cellulose/ OVM, AGP, BSA, Chiralcel 
amylose, Pirkle, OD-OJ, CTA, DNBPG, 
cyclodextrins naphthy! alanine, Whelk-O- 

1, Cyclobond TI 

Amides Protein, cellulose/ OVM, AGP, BSA, Chiralcel 
amylose, Pirkle, OB,OD,OJ, CTA, DNBPG, 
cyclodextrins naphthy! alanine, Whelk-O- 

1, B-Cyclobond II 
Esters Pirkle, cellulose DNBPG, Whelk-O-1, CTA 
OA, OB, BSA 

Carbamates Pirkle DNBPG, Whelk-O-1 

Ureas Pirkle DNBPG, Whelk-O-1 

Crown ethers Cyclodextrins B-Cyclobond II 

Metallocenes Cyclodextrins B-Cyclobond II 

Amino alcohols Pirkle DNBPG, B-GEM-1 

Succinamides Pirkle DNBPG, 8-GEM-1 

sd ydantoins Pirkle -GEM-1 

Binaphthols Pirkle DNBPG, 8-GEM-1 

8-Lactams Pirkle, cellulose DNBPG, Whelk-O-1, Chiralcel 

OC,OF 
Succinamides Pirkle DNBPG, B-GEM-1 
Polycyclic aromatic Cyclodextrins Cyclobond Ac 
hydrocarbons 

Cyclic drugs Protein BSA, AGP, OVM 

Aromatic drugs Protein BSA, AGP, OVM 

Lactones Cellulose Chiralcel OA,OB 

Cyclic ketones Pirkle, cellulose Whelk-O-1, Chiralcel OA,OB 

Alkaloids Cellulose Chiralcel OC,OD,OF,OG 

Dihydropyridines Cellulose Chiralce] OC,OD,OG,OJ 

NSAIDS Pirkle, cellulose, protein Whelk-O-1, Chiralce] OJ, AGP 


DNBPG 
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12.2.3 Mechanism of Chiral Interactions 


is complex and not well understood. Different proteins can exhibit wide differ- 
ences in sues for pompounds of varying structure. ue main interactions 


trostatic, but hydrogen bonding or charge-transfer interactions may abso con- 
tribute to chiral selectivity [25]. Different sites on the protein probably are 


difficult solutes, and inclusion in 
the three-dimensional structure of these macromolecules may also contribute 
to enantioselectivity [24]. Studies have been reported that clarify the nature 


of some of these interactions [26]. 
Hydrophobic interactions of a sample molecule with a protein phase are 
affected primarily by percent organic in the mobile phase (% B). As % B 


increases, retention on protein-based columns generally decreases. Electro- 
static interaction of a sample molecule with a protein phase involves primarily 
an ion-exchange process (Section 7.5). Since the immobilized protein station- 


ary phase assumes a charge above or below the pI of the protein, the pH of 
the mobile phase can be used to control both chiral selectivity and retention 


point (i.e., 


where the protein has a net zero charge). On either side of the pI, the protein 
has either a net positive or a net negative charge. At intermediate pH values, 
different_parts-of the _protein-can 


(regardless of pI) that does not change much with pH. At pH values used 
with most dines agati phases (3< = pH <7; T 12. 5), an increase in 


pHw 
when electrostatic interactions dominate, When hydrophobic | interactions 
dominate, the opposite is true. Thus, while it is difficult to predict how pH 


will affect the retention of a given sample (acid or base) on a protein stationary 


phase, it is reasonable to expect that pH will affect retention. The practical 
consequence is that the pH of the mobile phase often is used to control both 


retention and chiral separation selectivity (see Section 12.2.5.2). 


12.2.4 Characteristics of Protein-Based Chiral Columns 


Proteins are complex, high-molecular-weight biopolymers composed of the 


L-enantiomers of amino acids. A summary of the proteins used for chiral 
separations and their main properties is given in Table 12.3. These proteins 
bind smal! molecules such as drugs reversibly and stereospecifically. a,-Acid 


glycoprotein (AGP) and ovomucoid (OVM) contain a high concentration of 
carbohydrate groups. These groups may be important in determining the 
high enantioselectivity exhibited by columns made with these materials. The 


disulfide bridges in the structures tend to increase the stability of the immobi- 
lized protein stationary phases. Further information on the primary factors 
responsible for enantiomeric retention on ovomucoid columns is discussed in 
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TABLE 12.3 Characteristics of Proteins Used in Commercial Chiral 
Stationary Phases 


Molecular 
Molecular Isoelectric Molecular Percent Sialic Acid 
Proteins? Weight Point (pI) S—S Bridges Carbohydrate Residues 
BSA, HSA 66,000 4.7 17 — — 
AGP 141,000 2.7 2 45 14 
OVM 28,800 3.7-4.5 8 30 0.3 
CBH 64,000 3.9 12 6 — 
Pepsin 34,600 <1 3 — — 


Source: Faken partly from Ref-24- 
“ BSA, bovine serum albumin; HSA, human serum albumin; AGP, a, -acid glycoprotein (orosomu- 
coid); OVM, ovomucoid; CBH, cellobiohydrolase (cellulase). 


[26]. Commercial columns are available for the poron in Table 12.3, and 


these are s typically are 
prepared with wider-pore supports (125 to 500 hy to permit access of the 
relatively large protein molecules to the internal surface of the support parti- 


cles for immobilization. 
Bovine serum albumin (BSA) is a globular protein consisting of 581 amino 
acids stabilized by 17 disulfide bonds. This relatively acidic, cigar-shaped mole- 


cule has several hydrophobic binding sites. BSA has been bound to silica 


TABLE 12.4 Some Commercially Available Protein-based Chiral Columns 


Particle Pore 

AGP Enantiopak Pharmacia LKB Silica 10 250 
AGP Chiral AGP ChromTech AB Silica 5 120 
HSA Chiral Protein-2 ASTEC Silica 7 300 
HSA Chiral HSA ChromTech AM Silica 5 120 
BSA Resolvosil Machery Nagel Silica 7 100 
BSA BSA Column ASTEC Silica 7 300 
BSA BA Showa Denko Polymer 15-20 500 

K. K. 

OVM Ultron ES-OVM  Shinwa Chemicals’ Silica 5 120 
OVM OV Shinwa Chemicals’ Polymer 15-20 500 
CELL Chiral-CBH ChromTech AB Silica 5 120 
~~~ Pepin Ultron ES-PEP  Shinwa Chemicals’ Silica S 120 


Source: Adapted mainly from Ref. 24. 


° BSA, bovine serum albumin; HSA, human serum albumin; AGP, œ,-acid glycoprotein (orosomu- 


coid); OVM, obomucoid; CBH, cellobiohydrolase (cellulase). 
» Manufactured and distributed in Japan by Shinwa Chemicals; distributed in the United States 
by Mac-Mod Analytical and worldwide (except Japan) by Rockland Technologies, Inc. 
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supports by several methods [27], with one of the most stable products resulting 
from immobilization of the protein on polymer-clad silica by a divinylsulfone 


linkage [24]. 
Human serum albumin (HSA) has about the same molecular weight as 
bovine serum albumin, but the immobilized form of HSA exhibits somewhat 


different selectivity for many analytes. HSA covalently bonded to diol- 
activated silica-based supports forms the basis for one commercial column 


[24]. For many years, HSA has been used to study the binding of drugs to 


proteins in solution, reflecting its utility in investigating drugs to be used in 
the human body. 


a,-Acid glycoprotein (AGP) or orosomucoid is made up of a polypeptide 
containing 181 amino acid residues and 14 sialic acid residues incorporated 
in the carbohydrate portion of the molecule. Sialic acid has been suggested 


to-be-associated_with the _binding-of basic-compounds—at-neutral_pH.-Two 


different commercial columns of immobilized AGP are available, and the 
variation in performance characteristics for these two products probably is 


the result of different immobilization chemistry {2t}: 
Ovomucoid (OVM) is a trypsin inhibitor obtained from the egg white of 
chickens. This protein is known to undergo strong hydrophobic interactions 


with hydrophobic aromatic solutes. Ovomucoid protein is immobilized onto 
aminopropy] silica, and the amount of protein bound to the support apparently 
influences the degree of sample resolution [22]. Recent studies have identified 


the active component of the OVM column as an ovoglycoprotein. Columns 
with this purified stationary phase demonstrated improved chiral recognition 
and long-term stability compared to the commercial OVM column [31a]. 


Commercial availability of columns with the improved protein stationary phase 
are planned, but were not available at this writing. 


forms the basis for a diol silica-based 
commercial column that uses this stable covalently bound enzyme produced 
by the fungus Trichoder ma reesei [28}. 


Pepsin is distinctive among enzymes for having a very low isoelectric point 
(pI < 1). The chromatographic packing is prepared by bonding this protein 
to aminopropylsilica via N,N’ -disuccinimidyl carbonate [32]. 


12.2.5 Adjusting Retention and Selectivity with the Mobile Phase 


Proteins immobilized for use in chiral columns are relatively stable, some 
tolerating a range of organic solvents, pH, and temperatures useful for success- 
ful separations. Selectivity or band spacing of enantiomers usually is adjusted 


by optimizing the type of organic modifier, pH, and temperature. Table 12.5 
summarizes the pH range for maintaining the stability of protein-based col- 
umns, the maximum concentration of propanol modifier allowed, and other 


organic modifiers that are used less frequently. Also given are the types of 
samples for which these columns are generally best suited and comments 
regarding specific operating properties. 


TABLE 12.5 Operating Characteristics of Protein-Based Chiral Columns 


Solutes Best Allowable % t-or Other Less-Frequently Used 
Column Type* pH Range’ [Ref.] Separated 2-Propanol Organic Modifiers‘ Comments 
BSA 4.5-8 [27] Acids 10% Ion pairing useful 
HSA 4-7 [28] Acids 10% MeOH, EtOH, ACN Ion pairing useful 
AGP 3=7 [29] Acids/bases 25% MeOH, EtOH, ACN Ion pairing useful 
OVM 2-7.5 [30] Acids/bases 50% MeOH, EtOH, ACN Ion pairing normally not used 
CBH 4-7 [2831] Bases 20% ACN, THF, MeOH Mobile phase often uses EDTA 
Pepsin 3-6 [32] Bases 10% EtOH, MeOH, ACN EtOH preferred; 0.02% Na azide 


in-mobile phase 


* BSA, bovine serum albumin; HSA, human serum albumin; AGP, a,-acid glycoprotein (orosomucoid), OVM, ovomucoid; CBH, cellobiohydrolase (cellulase). 


> See-Fable-12. 


“MeOH, methanol; EtOH, ethanol; ACN, acetonitrile; THF, tetrahydrofuran. 


ESS 
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12.2,5.1 Organic Mobile-Phase Modifiers. Organic solvents are used to 
control both k and a values for immobilized protein columns. Just as for the 


reversed-phase chromatography of achiral compounds (Section 6.2.1), solute 
retention with the immobilized protein columns usually is adjusted to the 


—___________optimum range 1 < k < 20 by varying the concentration of organic modifier; 


increasing organic modifier concentration decreases solute retention. Each 
stationary phase varies in its ability to tolerate organic solvents in the mobile 


phase_and_the-manufacturer’s_recommendations-should_be followed-closely 


(Table 12.5). The OVM and AGP columns have the greatest flexibility in this 
area, apparently as a result of the inherent stability of the original proteins. 


Lower concentrations and a more limited range of organic modifiers are 
allowed for the other protein-based chiral columns (Table 12.5). For strongly 
retained compounds, the HSA, BSA, and pepsin columns may require the 


adjustment of pH as well as organic modifier concentration for proper sample 
retention. Thus, if a retention that is too great or too little and cannot be 
adjusted adequately by a change in % B, a change in pH should be tried. For 


most protein phases, a too-strongly retained basic compound often can be 
eluted by using the maximum allowed % B and/or a buffer near the lower 
pH _limit_ Conversely, to control retention for a strongly retained acidic com- 


pound, the highest allowable organic modifier concentration and/or a high- 
pH buffer (within manufacturer’s guidelines) may reduce retention to the 


desired-k range: 
1- and 2-Propanol are commonly used organic modifiers in the aqueous 
mobile phase for protein-based columns; other organics are used less fre- 


quently. With BSA and HSA columns, relatively low concentrations of organic 
modifiers (generally, < 10%) must be used for column stability. Increasing 
organic modifier concentrations apparently weaken the solute—protein hydro- 


phobic and hydrogen-bonding interactions, resulting in more rapid solute 
elution [24]. Many water-miscible solvents can be used as mobile-phase mod- 
ifiers, but 1- or 2-propanol and acetonitrile are most widely used and often 


provide maximum enantioselectivity. Manufacturers’ guidelines for organic 
solvents should be followed carefully for maximum column lifetime. 


While the concentration_of organic _modifier always affects the k value_of 
enantiomers, the a value for both enantiomers also can change, as illustrated 
in Table 12.6 for the OVM column. In Table 12.6, changing the 2-propanol 


OVM 
separation but had much less effect with the AGP and BSA columns. Usually, 
the a values for two enantiomers do not change much when varying propanol 


concentration. 
Significant changes in enantioselectivity have been noted for the protein- 
based columns with changes in organic modifier type. For example, in Fig. 


12.7a the enantiomers of warfarin are well separated with an AGP column 
using a 15% 2-propanol-modified mobile phase, but (Fig. 12.7b) are incom- 


pletely separated with a mobile phase containing 15% acetonitrile. Low con- 
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TABLE 12.6 Effect of 2-Propanol Concentration on k and œ Values 


for Warfarin’ 
AGP-(4.0-* OVM (4.6 x BSA (4.0 x 
100 mm) 150 mm) 150 mm) 
% 2-Propanol kt a k a ke a 
2.5 — — — — 63.0 1.22 
5 — — 4.53 2.23 37.8 1.19 
10 7:20 1.63 2.08 1,42 19.4 112 
15 2.30 1.63 1.23 1.17 — — 
20 0.71 1.71 0.84 1.02 — — 
25 0.24 1.70 — — — — 


Source: Taken in part from Ref. 29. 
10 mM phosphate buffer, pH 6.5; 0.9 mL/min; 30°C; 280 nm. 


t Value of k for first enantiomer. 


centrations (1 to 3%) of diols such as ethylene glycol and 1,2-butanediol also 
have been used to change retention and a@ values. 


ally permit a wider range of organic solvent types and concentrations to control 
k values and to affect enantiomer band spacing (Table 12.5). Table 12.7 


—___________illustrates_the_effect_of solvent_type_and_concentration_-on_k_and_-a values for 
some drugs with different pX, values when separated with an OVM column. 
At the same concentration (v/v), the elution strength order of acetonitrile > 


for-certain 
drugs [33]. However, for chloropheniramine in Table 12.7, elution occurs more 
rapidly with ethanol than acetonitrile at the same concentration. 


12.2.5.2 pH, Ionic Strength, and Ion-Pairing Effects. Band spacing changes 
with protein-based columns often are made by varying the mobile-phase pH. 


Mobile-phase pH also affects solute retention as a result of ion exchange or 
ion repulsion. Solute retention usually increases when the charge on the 
immobilized protein and the sample ions are opposite and maximum. The 


charge on the protein is related to the pI value (Table 12.3), but is not 
necessarily zero when the mobile-phase pH = pl, because of uneven charge 
the mobile-phase pH in- 


creases the negative charge on the column and acidic compounds, decreasing 
retention. Similarly, i mcreans the pH will tend to increase the retention of 


opposite charges on the anpi and the protein stationaiy ines Therefore, 
acidic racemates often are better separated on more basic columns (BSA, 


HSA),-and_basic-compounds-usually—are-better-separated-on—more—acidie 
columns (pepsin, AGP). Because OVM and CBH have intermediate pl, these 
columns can be used effectively for separating both acids and bases. 
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FIGURE 12.7 Effect of organic mobile-phase modifier. Solute: warfarin, 0.5 pg each 
isomer; column: Chiral AGP, 4.0 x 100 mm; flow rate: 0.9 mL/min; temperature: 
30°C; UV detection, 280 nm. (a) Mobile phase: 15% 2-propanol-85% 10 mM sodium 


` 


pH 6.5. (Reprinted with permission from Ref. 29.) 


Because of the complex nature of immobilized proteins, pH effects, while 
potentially large, can be difficult to predict or systematize. However, small 


changes in pH can produce wide differences in retention characteristics, as 
shown in Fig. 12.8. Here, with an AGP column, the enantiomers of DuP 630 
(a basic compound with a pK, of 6.8) are well separated at pH 6.5 but overlap 


completely at pH 5.0. With the AGP column, operation at pH 4 to 5 and 
< 3% organic modifier apparently improves separation performance for some 
racemates over that at higher pH (e.g., pH 7) [28,34]. Enantioselectivity with 


the OVM column also varies greatly with pH, depending on drug type and 
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TABLE 12.7 Effect of Type and Concentration of Organic Modifier on k and a: 
OVM Column’ 


Ethanot Content Acetonitrite Content 

5% 10% 5% 10% 
Compound pk; ky ot ky et ky at kı a 
Ibuprofen 5.2 248 145 124 140 243 125 3.10 1.06 
Chlorpheniramine 9.1 4.10 2.60 1.60 1.93 3.25 2.00 2.00 1.00 
Hexobarbital 82 170 1.52 b 1.15 1.23 b 


Source: Ref. 29. 


b Not retained. 


structure, as illustrated in Fig. 12.9 for three drugs [30]. The @ value for the 
more basic chlorpheniramine increases sharply with pH increase, whereas 


values for the-other_two_less_basic compounds-change_only slightly. 


The ionic strength of the mobile phase usually has a smaller effect on both 
D ae retention. When the Cue on ome and column are opposite, 


ation will -de- 
crease retention. "Hydrophobic | interactive effects tease to increase retention 
at higher salt concentrations, especially for neutral solutes. Because ionic and 


} i j bici . . 1 : ffi . ly infi it 


ionic strength, the two effects sometimes overlap, producing a minimum in k 
values at a particular point. When buffer strength is above about 0.1 M, 


hydrophobic interactions dominate; below 0.1 M ionic interactions are 


strongest. 
Many of the same types of compounds are resolved on both the BSA and 


HSA columns, since the properties of the immobilized proteins are similar. 
Similarly, the effects of pH and ionic strength on retention and a values often 
are similar for both columns. Observed variations in the stereoselectivity of 


these stationary phases reflect different binding affinities of the two immobi- 
lized proteins, and the elution order of enantiomers sometimes are re- 
versed [24]. 


Ionic modifiers have been used to further control both retention and band 
spacing with the AGP, BSA, and HSA columns (e.g., see Ref. 21). This 


that are highly hydrophilic and 
have weak retention with the usual mobile phases. Ionic modifiers also are 
used to increase the selectivity between enantiomers that are difficult to resolve 


with more typical mobile phases. Cationic ion-pairing mobile-phase modifiers 
such as dimethyloctylamine and tetrabutylammonium bromide in the mobile 
phase can increase both retention and enantiomeric selectivity for non-ionic, 


eationic,_and_anionic-compounds.Alse,_hydrephebic_carbexylic_acids-such 


as octanoic acid can increase retention and enantioselectivity for cationic 
compounds. Organic cationic or anionic modifiers rarely are used with the 


OVM column {33}: 
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(S)-DuP630 


(R)-DuP630 


(R), (S)-DuP 630 
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(b) 


FIGURE 12.8 Effect of pH on enantiomer resolution. Solute: DuP 630; column: 
chiral AGP, 4.0 x 100 mm; flow rate: 0.9 mL/min; temperature: 30°C; UV detection, 


230 nm. (a) Mobile phase 15% 2-propanol-85% 10 mM sodium phosphate, pH 6.5; 
(b) mobile phase same as (a) except pH 5.0. (Reprinted with permission from Ref. 29.) 


Charged organic modifiers such as octanoic acid or dimethyloctylamine 


have a strong effect on both compound retention and peak shape. For some 
protein columns, concentrations of less than 1% of these modifiers dramatically 


enantioselectivity. However, these charged modifiers are difficult to 
remove from the stationary phase for different separations and generally are 
not recommended for rugged method development. Many of the separations 


reported with the CBH column list 50 4M disodium EDTA (ethylenediamine- 
tetraacetic acid) as an agent in the mobile phase [28,35]. Azide is recommended 
as a mobile-phase additive with the pepsin column [32]. 
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3 


Enantiometric samples: 


© ibuprofen 
@ chlorpheniramine 
ÁA hexobarbital 


FIGURE 12.9 Change in selectivity a values with pH. Column: 6.0 X 150-mm Ultron 
ES-OVM; mobile ape a0% P a pay Te pH 4.6; bail rate: 


1.0 -mL/min;te 
from Ref. 30.) 


12.2.6 Experimental Parameters 


12.2.6.1 Mobile-Phase Effects. The optimum pH for any separation de- 
pends on the pI of the immobilized protein and the pK, of the racemic pair 
of interest. Generally, better enantioselectivity on the AGP and OVM columns 


is obtained if acidic compounds are separated at a pH below 6 and basic 
compounds at a pH above 6. Typically, ordinary phosphate, acetate, citrate, 
and similar buffers are used to adjust and control the pH. Manufacturers’ 


recommendations are of assistance here. Buffer concentrations of 25 or 
50 mM usually are adequate for most separations. Peak shapes may be 


________—simproved with buffers of higher concentrations. 


Figure 12.10 shows the plate number vs. mobile phase velocity for a 
15 x 0.46-cm OVM column with three different drugs (basic halofantrine 


and_-verapamil,and_acidic 7 
resolution of the enantiomeric pairs. These plate number vs. flow rate plots 
are steeper than the usual RPC plots, because of the larger C term (slower 


= for these-protein-based-columns. Fhere= 
fore, unlike typical RPC columns, mobile-phase flow rate has a much greater 
effect on N and R,. Best results with protein-based columns of this type 
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FIGURE 12.10 Influence of mobile-phase flow rate on column plate number. Column: 15 


<-0.46-em Uitron-ES-OVM:; 


mobile-phases_tin 13-mAf phosphate buffer): 


halofantrine, 45% acetonitrile, pH 6.0; lorglumide, 26% acetonitrile, pH 6.3; verapamil, 18% 


ethanol, pH_ 6.2. (Adapted from Ref-33.}) 
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usually are obtained with lower flow rates (e.g., 0.5-1.0 mL/min for a 
15 x 0.46-cm column). 


12.2.6.2 Sample Loading and Injection. As with most HPLC columns, col- 
umn plate number can be affected by the amount of sample injected into the 


column. Protein-based columns have a lower binding capacity compared to 
other columns for chiral separations; therefore, sample mass must be kept 
small. As a result, the preparative potential for these columns is limited. Plate 


number and resolution are often adversely affected for samples greater than 
about 2 nmol (0.5 to 1 wg) for 0.4- to 0.5-cm-ID columns [33,36]. Sample 


volumes for protein-based columns can be somewhat larger than those typi- 


cally used in reversed-phase separations. The reason for this is that the plate 
numbers of protein-based columns are lower than those of analogous RPC 


columns, resulting in-wider bands that allow larger sample volumes without 
resolution loss. For a 15 x 0.46-cm column, sample volumes of about 25 to 
100 uL typically are used for analysis. 


12.2.6.3 Column Temperature. Ambient column temperatures generally 
are recommended as a starting point for developing methods with the protein- 


based columns. Increasing the column temperature generally decreases k val- 
ues for both enantiomers for all protein-based columns. Higher temperatures 
(e.g., > 40°C) can racemize some chiral compounds and may denature the 


protein stationary phase. Column efficiency often improves as the temperature 
is increased, bi a values and pesolution mug decrease a many cases, a 


but Scperiientale convenience is Secompromised, However, improved resalition 
is not PA epee at ud temperare P 


for all sconnutions with the v various immobilized protein olunm: Separations 
at higher temperatures can cause problems, however, as illustrated in Fig. 


12.11 for the basic drug lorazepam {37} At 35°C, odd-shaped peaks were 


found for the enantiomeric mixture, as shown in Fig. 12.11a. Lowering the 
temperature to 10°C produced the separation in Fig. 12.11b. The raised base- 


line between the two enantiomer peaks at both 10°C and 35°C probably is 
due to chiral isomer interconversion during passage through the column. Thus, 
higher temperatures can result in significant isomer interconversion during 


separation [38]. Because of the potential for significant variation of both k 
and a values with temperature, precise temperature control is required for 
the protein-based columns to ensure good separation reproducibility. As with 


reversed-phase and ion-pair separation of ionizable compounds (Section 7.4), 
column temperature control to within 1°C is desired. 


12.2.6.4 Column Configuration. Short, less-costly protein-based columns 
(10 to 15 cm) are adequate for many separations because of their inherent 
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FIGURE 12.11 Effect of e D on he separadon oi eee enantiomers, 
Column: 6.0-<150 mm | b 


phosphate buffer, pH 6.0; flow rate: 1.0 ral Amini UV detection: 228 nm. 6 35°C; 
(b) 10°C. (Reprinted with permission from Ref. 37.) 


high selectivity. Internal diameters of 0.4 to 0.6 cm appear most useful for 


analysis and isolation of smaltłquantities of purified enantiomers. Smaler-ID 
columns (e.g., 0.2 cm) are available for applications in which sample mass is 
limited. Some workers also use this configuration to reduce solvent consump- 


tion. Wider columns (e.g., 2 cm) are available for isolating larger amounts of 
purified materials but are very expensive. Although protein-based columns 
are primarily suited for analysis because of limited sample loading, effective 


semi-preparative applications with these columns are possible. For example, 
milligrams of purified drug enantiomers have been isolated using a 2.0-cm- 
ID OVM column [36]. 
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12.2.6.5 Column Care and Stability. The manufacturer’s recommendations 
for organic modifier types and concentrations should be followed strictly (e.g., 


see-Table12.5);otherwise,_the failure_of-an-expensive-column-—can_result. 


Samples containing extraneous materials that will be highly retained on col- 
umns should be avoided. Guard columns are recommended for most applica- 


tions, to protect the analytical column. Convenient and tess-expensive achiral 
guard columns can be used here. Contaminated columns exhibiting poor peak 
shapes often can be restored by flushing with 20 to 40 column volumes of the 


strongest solvent specified by the manufacturer. When stored for long periods, 
the protein-based column should be flushed to remove buffer, then stored in 
a preferred solvent. For example, OVM columns are preferably stored in a 


mobile phase of 10 to 20% acetonitrile/distilled water. Some manufacturers 
recommend storing protein-based columns at low temperatures (e.g., 4 to 
10°C) for a longer lifetime [32]. 


The stability and resulting lifetimes of the protein-based columns depend 
on the robustness of the starting protein and on the manner in which the 


column is used. With proper care, protein-based columns typically can be 


used for > 500 samples. The OVM and AGP columns appear to be somewhat 
more rugged man other stationary phases, perhaps as a pipes of the herent 


based ae can be ised for developing acceptably fapad Anaidi me 
ods under proper operating conditions. [20,24,28,31,33,39]. 


12.2.7 Applications and Special Techniques 


A distinct advantage of the protein-based chiral columns is that derivativiza- 
tion of racemates rarely is required for adequate enantiomer resolution. Neu- 
tral, basic, and acidic compounds generally can be directly injected without 


prior treatment. Based on literature reports, the OVM and AGP columns 
probably have the greatest versatility of any of the immobilized proteins for 
separating racemates, particularly synthetic compounds of drug and agricul- 


tural interest. The OVM column generally shows higher resolution, greater 
flexibility in operating parameters, and better long-term stability than the 
AGP column, making it a preferred starting point [29,33]. Resolution of a 


wide range of neutral, basic, and acidic drugs showed better separations for 
the OVM column for abou; 80% of the Pae mea to AGP [29, 33]. 


basic (halofantrine), and acidic (lorglamide) racemates with a OVM i aain, 
The highly hydrophobic drug, halofantrine, required 45% acetonitrile in the 


mobile-phase for-proper-elution- Fable 42-8ists-some-enantiomerie com- 
pounds that can be separated with the versatile OVM column. A similar list 
for the AGP column is given in Ref. 28. Some applications for the BSA and 


CBH columnsare given in Refs. 24 and 28, 35, and 40, 
surveys are provided by the manufacturer of each immobilized protein col- 
umn type. 
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FIGURE 12.12 Optimized separation of acidic, basic, and (almost) neutral enantiom- 
ers. Samples: 20 uL of 0.025 mg/mL each; column: 4.6 x 150-mm Ultron ES-OVM; 
flow rate: 1.0 mL/min; temperature: ambient; UV detection: 270 nm. Acidic: lorglumide: 


26% acetonitrile-74% 10 mM phosphate buffer, pH 6.5. Basic: halofantrine: 45% 
acetonitrile-55% 10 mM phosphate buffer, pH 5.5. Weakly basic verapamil: 18% 
ethanol- 82% 10 mM phosphate buffer, pH 6.2. (Reprinted with permission from 


Ref. 33.) 


Many workers avoid injecting samples that are likely to contain highly 
retained materials, such as extracts of biological samples. Because of relatively 


drugs or drug intermediates. Samples containing a high concentration of extra- 


ally are not injected directly, to reduce the possibility of fouling the protein 
columns. Instead, the peak of the racemate of interest first is isolated with an 


achiral column, typically by reversed-phase columns. Then, the material from 
the isolated peak is injected into the protein chiral column with different 
selectivity for separating the enantiomers. This approach is illustrated in Fig. 


12.13 for the trace analysis of a proprietary drug in human plasma. Figure 
12.13a shows the achiral isolation of the fraction containing the drug racemate. 
The sequential chiral separation of the enantiomers (20 ng of each) is shown 


in Fig. 12.13b. With appropriate validation, an analysis with this sensitivity 
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TABLE 12.8 Separation of Enantiomeric Pairs with Ultron ES-OVM 


Substance Mobile Phase R; 
Acetylpheneturide 20 mM phosphate buffer (pH 4.6)—ethanol 2.74 
(100/7.5, v/v) 
Alimemazine 20 mM phosphate buffer (pH 4.6)-ethanol 6.06 
(100/25, v/v) 
Bay K 8644 20 mM phosphate buffer (pH 4.6)-ethanol 5.92 
(100/25, v/v) 
Benproperine 20 mM phosphate buffer (pH 4.6)—ethanol 3.27 
(100/20, v/v) 
Benzoin 20 mM phosphate buffer (pH 4.6)—ethanol 8.41 
(100/10, v/v) 
Biperiden 20 mM phosphate buffer (pH 4.6)-ethanol 3.17 
(100/10, v/v) 
Bunitrolol 20 mM phosphate buffer (pH 6.0)-ethanol 3.08 
(100/3, v/v) 
Bupivacaine 20 mM phosphate buffer (pH 1.26 
5.5)—acetonitrile (100/10, v/v) 
Chlormezanone 20 mM phosphate buffer (pH 4.6)-ethanol 6.48 
(100/10, v/v) 
buffer (pH 5.5) 2.23 
Chlorpheniramine 20 mM phosphate buffer (pH 2.36 
5.0)—acetonitrile (100/5, v/v) 
€ 5.5)=ethanol 2.34 
(100/3, v/v) 
Cloperastin 20 mM phosphate buffer (pH 4.6)-ethanol 2.85 
(100/15;-v/v) 
Dimetindene 20 mM phosphate buffer (pH 4.6)-ethanol 4.33 
(100/15, v/v) 
-= (pH 5.5) 1.74 
Disopyramid 20 mM phosphate buffer (pH 5.5)-ethanol 2.04 
(100/10, v/v) 
Eperisone 20 mM phosphate buffer (pH 5.5)-ethanol 115 
(100/5, v/v) 
Ethiazide 20 mM phosphate buffer (pH 4.6) 1.42 
Flurbiprofen 20 mM phosphate buffer (pH 3.0)-ethanol 1.26 
(100/30, v/v) 
Glutethimide 20 mM phosphate buffer (pH 4.6)-ethanol 1.36 
(100/10, v/v) 
Glycopyrronium 20 mM phosphate buffer (pH 4.6) 1.73 
Hexobarbital 20 mM phosphate buffer (pH 5.5)-ethanol 1.70 
(100/5, v/v) 
Homochlorcyclizine 20 mM phosphate buffer (pH 4.6)—ethanol 3.04 
(100/10, v/v) 
Hydroxyzine 20 mM phosphate buffer (pH 4.6)-ethanol 2.15 


(100/15, viv) 


(Continued) 
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TABLE 12.8 (Continued) 


(100/5, v/v) 


Substance Mobile Phase R, 
Ibuprofen 20 mM phosphate buffer (pH 3.0)—ethanol 1.73 
(100/10, v/v} 
——————Ketoprofenn 26-mM- 8)- £37 
(100/10, v/v) 
Meclizine 20 mM phosphate buffer (pH 4.6)—ethanol 3.71 
(100/35,-viv} 
Mepenzolate 20 mM phosphate buffer (pH 4.6) 1.40 
Mephobarbital 20 mM phosphate buffer (pH 4.6)—ethanol 1.70 
(100/10, v/v) 
Methylphenidate 20 mM phosphate buffer (pH 5.7) 1,13 
Oxprenolol 20 mM phosphate buffer (pH 5.5)—ethanol 1.38 
(100/10, v/v) 
Pindolol 20 mM phosphate buffer (pH 5.5)~ethanol 2.04 
(100/3, v/v) 
Pranoprofen 20 mM phosphate buffer (pH 3.0)~acetonitrile 1.01 
(100/8, v/v) 
Prenylamine 20 mM phosphate buffer (pH 5.0)—acetonitrile 1.02 
(100/15, v/v) 
Profenamine 20 mM phosphate buffer (pH 4.6)—ethanol 3.31 
(100/25, v/v) 
Proglumide 20 mM phosphate buffer (pH 4.6)~ethanol 1.32 
(100/20, v/v) 
Promethazine 20 mM phosphate buffer (pH 4.6)—ethanol 0.98 
(100/20, v/v) 
Propranolol 20 mM phosphate buffer (pH 6.8)—acetonitrile 1.24 
(100/30, v/v) 
Thioridazine 20 mM phosphate buffer (pH 5.5)—acetonitrile 0.98 
Tolperizone 20 mM phosphate buffer (pH 5.5)~ethanol 1.50 
(100/10, v/v) 
4.6)=ethanol 5.16 
(100/10, v/v) 
Trimipramine 20 mM phosphate buffer (pH 4.6)—ethanol 3.69 
(100/30, v/v) 
Verapamil 20 mM phosphate buffer (pH 4.6)—ethanol 1.49 


Source: Ref. 30 


would probably be suitable for the pharmacokinetic monitoring of each enanti- 
omer. Such achiral/chiral methods also are preferred since the efficiency of 
chiral columns in general is lower than that of well-made reversed-phase 


columns. Therefore, direct injection of complex samples into a chiral column 
greatly increases the likelihood of band overlap with endogenous materials, 
resulting in analytical errors. 
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FIGURE 12.13 Achiral/chiral trace analysis in spiked human plasma. (a) Achiral 
isolation of ICI-2; column, 4.6 x 250-mm Zorbax Rx-C8; mobile phase: 50% 


acetonitrile-50% water; flow rate, 1.3 mL/min (b) Chiral separation of isolate; 
column, 4.6 X 150-mm Ultron ES-OVM; mobile phase: 15% acetonitrile-85% 


10 mM phosphate buffer, pH 6.0; flow rate: 1.0 mL/min; enantiomers shown by arrows. 


(Reprinted with permission from Ref. 33.) 


12.2.8 Systematic Method Development 


As discussed previously, the retention and selectivity for enantiomer separa- 


tions with the protein-based columns can be controlled by varying the type 
and concentration of organic mobile phase modifier, pH, ionic strength, and 
temperature. When developing a method with any of these columns, questions 


arise as to which column to use and which combination of variables should be 
utilized for the initial separation. The AGP and especially the OVM columns 
appear to be preferred for developing enantiomer separations, because of a 


wide range of utility and good stability [29,33]. However, if separations with 
the OVM and AGP columns are unsuccessful, HSA and BSA columns should 


then be tested for separating acidic enantiomers, or CBH and PEP columns 


for basic compounds. 
Because of the significant differences among protein-based columns, it is 


difficult to generalize optimum operating conditions. Many workers start with 
a 10 mM phosphate buffer of pH 5 to 7 and add enough 1- or 2-propanol (or 
acetonitrile) until the desired k range is obtained (see Table 12.5 for the 


recommended pH range for the protein-based 
separation is not found, the pH is varied first to find better enantiomer resolu- 
tion. If pH adjustment does not produce an adequate separation, the organic 


568 CHIRAL SEPARATIONS 


modifier type is changed. With this new organic modifier, pH effects again 
can be studied to enhance selectivity. 


Optimization schemes have been developed for some of the protein-based 
columns. Figure 12.14 shows a method development scheme proposed for the 
AGP column. This approach is more systematic than previous generalizations, 


and probably can be used as a starting point for several of the protein-based 
columns. Similar schemes have been proposed for the HSA and CBH columns 
A le meth velopment procedure for the OVM 


also has been developed [37]. A somewhat simpler scheme for drugs using 
the OVM column is given in Fig. 12.15. Included in this approach is the effect 


of temperature_-change, which was not-a-feature_of_an_earlier_optimization 
scheme. 


12.3 POLYSACCHARIDE (CARBOHYDRATE) COLUMNS 


12.3.1 Introduction 


of columns designed for chiral separations. Derivatives of these polymers, 
especially cellulose and amylose, exhibit excellent properties as stationary 


phases-for-HPLC.-Commercially—available-columns-of_these—materials-now 
are used extensively for both analysis and the preparative separations of a 
wide range of enantiomers. Although most columns are used in the normal- 


phase mode, columns are also available for applications with aqueous reversed- 
phase mobile phases. 


12.3.2 Properties of Commercial Polysaccharide Phases 


The use characteristics of polysaccharide-based columns for chiral separations 
are summarized in Table 12.9. These properties strongly recommend these 
columns if significant amounts of purified enantiomers must be isolated. How- 


ever, these columns are also widely used for the analysis of enantiomeric mix- 
tures. 


12.3.2.1 General Characteristics 


Microcrystalline Cellulose Triacetate (MCT). This material, a product of the 
heterogeneous acetylation of microcrystalline cellulose particles (functionality 
in Fig. 12.162), was one of the first useful column packings developed 


for chiral HPLC separations [41]. Columns made of this material are 
not as efficient, and therefore have not been used as widely as the other 
polysaccharide-based columns prepared with rigid silica-based supports. 
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FIGURE 12.14 Optimization scheme for chirat separations with AGP column by 
systematic changes in mobile-phase composition. (Reprinted with permission from 
Ref. 28.) 
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FIGURE 12.15 Suggested strategy for optimizing drug enantiomer separations on 


OVM column. ACN, acetonitrile; EtOH, ethanol; MeOH, methanol. (Reprinted with 
permission from Ref. 37.) 


Cellulose- and Amylose-Based Column Packings. Derivatives of cellulose and 


those shown in Fig. 12.16 are effective stationary phases for 


chiral separations. Enantiomer selectivity differences often are a result of 
differences in polysaccharide structure, for example, the rigid linear structure 


phases vs. the helical structure of amylose-based 
phases. Presently available columns of various cellulose and amylose deriva- 
tives are prepared by mechanically casting a thin film on a silica support 


surface (e-g., 300-A) [42]. Substantial advantages in column efficiency occur 
when the polymer exists as a thin film on a rigid support, compared to a totally 
polymeric particle (e.g., cellulose triacetate). This form of packing also permits 


a wide choice of mobile-phase solvents (Section 12.3.4.1). 


12.3.2.2 Availability. A large number of commercially available chiral col- 


umns based on polysaccharide derivatives now are available for chiral separa- 
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TABLE 12.9 Characteristics of Polysaccharide-Based Columns for 
Chiral Separations 


Advantages Disadvantages 

High sample loading capacity, Many column types available—which to 
facilitating preparative isolations select for initial tests? 

Typically use readily removed organic Most columns are water sensitive, 
mobile phases, simplifying isolations requiring water-free samples and 

Broadly applicable to a wide range of solvents 
compound types Moderate column efficiency (generally 


inferior to protein-based columns) 


tions, as illustrated in Table 12.10. Stationary-phase functionalities such as 


those given in Table 12.11 are used to vary the chiral recognition for enantio- 
meric compounds of different structures. While each of the substituted polysac- 
charides in Table 12.11 have been found useful, carbamate and benzyl ester 


derivatives of cellulose (e.g., Chiralcel OD, OJ) and amylose (e.g., Chiralpak 
AD in Tables 12.10 and 12.11) appear most effective for many chiral separa- 


The wide range of func- 
tionalities available with this column type reflects the approach often used to 


OCOCH, oco-{") 


oO o 
Scar OCOCH, oo) oco} 
(a) (b) 
oco={" FCH oco Y 
o o. o 


(c) (d) 


FIGURE 12.16 Polysaccharide-based stationary phases for chiral columns. Cellulose 
and amylose derivatized with various functional groups. (a) Cellulose triacetate; 
(b) cellulose tribenzoate (Chiralcel (OB); (c) cellulose tris(4-methyl benzoate) (Chiral- 


cel OJ); (d ) amylose tribenzoate. (Reprinted with permission from Ref. 43.) 


572 CHIRAL SEPARATIONS 


TABLE 12.10 Polysaccharide-Based Chiral Columns 


Preferred Columns for 


Recommended 
Type of Column Trade Temp. Range’ _._ Some Sample Types’ _ 
Adsorbent Name (°C) A B C D E F 
Amylose Chiralpak AD 0-40 X X X X 
carbamate Chiralpak AS 0-40 X X X X 
Cellulose Chiralcel OC 0-40 
carbamate Chiralcel OD 0-40 X X X X 
Chiralcel OD-H 0-40 
Chiralcel OD-R 5-40 
Chiralcel OF 0-40 X 
Chiralcel OG 0-40 xX 
Cellulose ester Chiralcel CA-1 0-40 
Chiralcel OA 0=40 XxX X 
Chiralcel OB 0-40 X X 
Chiralcel OB-H 0-40 
€hiralcel OF 0=40 x 
Chiralcel OK 0-40 


Source: Adapted from Ref. 57. 


a Maximum pressure 700 psi; 430 psi for optimum column lifetime. 
è A, aliphatic, but not cycloaliphatic; B, cycloaliphatic, but not cycloalkanone or lactone; 
C, cycloaliphatic, and either a cycloalkanone or lactone; D, aromatic only, with no other functional 


groups; E, aromatic and an ester; F, aromatic with other functional groups. 


change the selectivity for enantiomers. Because pH changes are not applicable 
when using these columns in the normal-phase chromatography (NPC) mode, 


changes in selectivity often are made by changing column type rather than 
mobile-phase characteristics. 
While linear cellulose derivatives form the basis for most of the poly- 


saccharide stationary phases, helical amylose derivatives such as those in 
Figs. 12.17 and 12.16d can provide widely different selectivities. The tris(3,5- 
dimethylphenylcarbamate) derivative of amylose (Chiralpak AD, Tables 12.10 


and 12.11) often exhibits the highest level of enantioselectivity of this class 
of polysaccharides. Additional new polysaccharide derivatives with different 


for_an even broader range of 
chiral separations. 


12.3.3 Mechanisms of Chiral Interactions 


The retention process for polysaccharide-based chiral columns appears to be 


complex and not yet satisfactorily elucidated. Separations with these chiral 
columns usually are based on NPC using organic solvents; therefore, solvent 
strength increases for more polar solvents (e.g., higher percent propanol in 
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TABLE 12.11 Some Commercially Available Polysaccharide-based 
Chiral Columns 


Polysaccharide Derivative Trade Name Distributor 
Microcrystalline cellulose triacetate Chiralcel CA-1 Daicel 
Cellulose triacetate Merck 
Cellulose Cel-AC-40XF Macherey-Nagel 

Cellulose triacetate (coated on silica Chiralcel OA Daicel 
gel) 

Cellulose tribenzoate (coated on Chiralcel OB Daicel 
silica gel) 

Cellulose trisphenylcarbamate Chiralcel OC Daicel 
(coated on silica gel) 

Cellulose tris(3,5-dimethylphenyl- Chiralcel OD Daicel 
carbamate) (coated on silica gel) Chiralcel OD-R Daicel 

Cellulose tris(4-chlorophenyl- Chiralcel OF Daicel 
carbamate) (coated on silica gel) 

Cellulose tris(4-methylphenyl- Chiralcel OG Daicel 
carbamate) (coated on silica gel) 

Cellulose tris(4-methylbenzoate) Chiralcel OJ Daicel 
(coated on silica gel) 

Cellulose tricinnamate (coated on Chiralcel OK Daicel 
silica gel) 

Amylose tris(3,5-dimethylpheny!- Chiralpak AD Daicel 
carbamate) (coated on silica gel) 

Amylose tris[(S)-1-phenylethy)- Chiralpak AS Daicel 


carbamate] (coated on silica gel) 


Source: Ref. 43. 


hexane). Several factors appear to play important roles in the mechanism of 
retention: the functionality used to derivatize the polysaccharide, the average 


molecular weight and molecular weight distribution of this polymer, the sol- 
vent used to deposit the polymer on the support, and the nature of the support 


itself [44] The degree of crystallinity_of the polysaccharide derivatives may 
also influence the level of chiral recognition. 
The popular stationary phases with ester and carbamate derivatives of 


utilize these-speeific-derivative _func- 
tional groups for chiral interactions. Resolution with benzoate ester derivatives 
may involve dipole-dipole interactions with the carbonyl group and hydrogen 


groups {45,46}. The enan- 
tioselectivity of phenyl-carbamate-substituted polysaccharides also is 


affected by substituents on the phenyl groups. Different substituents on the 


aromatic rings of solutes apparently cause distinctive recognition capabilities 
through different dipolar interaction [47]. For example, electron-withdrawing 
m-methoxy or m-nitro groups show weak chiral recognition, while electron- 
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FIGURE 12.17 Phenylcarbamate derivatives of amylose. Amylose derivatized with 
substituted phenylcarbamates, where X = H, 3,5-(CHs3)2, or 3,5-Cl. (Reprinted with 


permission from Ref.43.) 


donating methyl groups at the 3- or 4-position impart high chiral recognition 
[42]. Racemates with a polar group probably interact with the carbamate 


functional group through hydrogen bonding. For example, Fig. 12.18 shows 
that enantiomeric solutes with a hydroxy (or N—H) group may interact with 
the carbonyl part of the carbamate stationary phase, and carbonyl compounds 


can interact with the carbamate N—H groups (as in three-dimensional blocks 
of Fig. 12.18). 


Polysaccharide phases do not require a particular combination of functional 
groups for separating enantiomers, as is often necessary for chiral resolution 
with some phases [47]. Certain analytes with only one carbonyl groups can 


cavity also might be required for such a separation. Aliphatic mono- or poly- 
uneuone! acne or amines without any arer funehonal oe must bs 


However, those racemsics with an ' additional functional group, and Sarci. 
larly an aromatic group, sometimes can be separated into enantiomers without 


derivatization. If an analyte displays no interaction with the chiral phase, 
forming the acetyl-, benzoyl-, or phenylcarbamoyl derivatives may enable a 
satisfactory separation. Although aromatic substituents generally promote 


separation, these groups are not required with some polysaccharide-based 
columns (Table 12.10). The need for derivitization to obtain enantioselectivity 
is not common, and most separations can be obtained with the polysaccharide 


phases without the need for making derivatives. 
Steric discrimination apparently can be affected by a difference in the “lock 
and key” fit of enantiomers into chiral cavities within the polysaccharide 
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glucose unit 


xX 
FIGURE 12.18 Schematic interaction of racemates with a carbamate derivative of 


cellulose. Structure shows individual glucose unit of cellulose derivatized with a substi- 
tuted phenyl carbamate. Hydroxy groups on racemic compounds may interact with 
the carbamate carbonyl and carbonyl groups with the carbamate N—H groups. (Re- 


printed with permission from Ref. 43.) 


structure. This effect allows the resolution of certain aliphatic hydrocarbon 
enantiomers [48]. For compounds with polar substituents, there also appears 


to be the usual contributions from hydrogen bonding and dipole-dipole inter- 
actions. Conformationally rigid solutes are no better resolved than more flexi- 
ble ones [49]. It is likely, however, that a certain substrate conformation is 


required for a good steric fit to cause enantioselection. If such a fit is not 
attained, there apparently can be no resolution of enantiomers. Differences 
in steric requirements are a likely characteristic of the various polysaccha- 


ride derivatives. 
As mentioned above, while cellulose derivatives form the basis for most 


of 


provide useful enantioselective differences. This feature is illustrated in 
Fig. 12.19 for separating the two diastereomeric pairs of enantiomers of the 


drug-nadolol (total-of four-compounds).Cellulose-based-Chiraleel OD with 
a rigid linear structure was able to separate nadolol into only two peaks. 
However, amylose-based Chiralpak AD with a helical structure and the same 


3,5-dimethylpheny! carbamate moiety and silica support produced the desired 
four peaks [50]. Therefore, observed differences may be influenced by struc- 
tural differences between cellulose and amylose. 
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FIGURE 12.19 Resolution of the four stereoisomers of nadolol in normal-phase 


mode. Column: 25 X 0.46-cm Chiralpak AD, 10 um; mobile phase: hexane-—ethanol— 
diethylamine 80:20:0.3; flow rate: 1.2 mL/min; temperature: 23°C; sample: 25 uL of 
about 2 mg/mL in ethanol. (Reprinted with permission from Ref. 50.) 


Columns useful with aqueous reversed-phase solvents are also available 


(e.g., Chiralcel OD-R in Table 12.10). These columns utilize typical reversed- 
phase solvents (Section 6.2.1), where solvent strength increases as the solvent 
becomes less polar. Experience with these recently available columns is lim- 


ited, so it is not now possible to predict when they would be most useful. 


12.3.4 Experimental Parameters 


12.3.4.1 Mobite-Phase Selection. Hexane modified with a small amount of 


an_alcohol such_as_2-propanol_is_a_recommended mobile- phase _for_many_of 
the coated polysaccharide packings. Figure 12.20 shows the separation of 
ne enantiomers ofa REER ees using a 2- pera -modified 


triacetaie (MCT Je alumi typically are perforined with a stranger mobile pae 
usually ethanol or hexane-modified ethanol. 


Recommended mobile-pħase solvents and concentrations for various 
polysaccharide-based columns are summarized in Table 12.12. Solvents that 
can dissolve or unduly swell the polysaccharide derivative (e.g., acetone, aceto- 


nitrile, tetrahydrofuran) should be used with caution. As with other normal- 
phase separations, increasing the concentration of the polar modifier decreases 
retention. Just as with achiral RPC and NPC separations, peak tailing with 
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OH 
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j j -€olumn:-25—-<-0.46-em 
Chiralcel OD; mobile phase: 80:20:0.1 hexane-2-propanol—diethylamine; flow rate: 
0.5 mL/min; detection: 254 nm. (Reprinted with permission from Ref. 52.) 


basic compounds often can be suppressed by adding 10 to 50 mM of a basic 


organic modifier such as dimethylamine or triethylamine to the mobile phase. 
Higher alcohols also have been used to increase a values for enantiomers 


weight and bulk of the alcohol was increased, resolution of a chiral ester also 
increased on a Chiralcel OD column; t-butanol produced the highest æ value. 


These higher-molecular-weight alcohot mobile-phase 
have a reduced tendency to interact by hydrogen bonding with the modified 
cellulose stationary phase, providing higher enantiomeric resolution for com- 


pounds that also compete for these chirally active sites. 
Aprotic organic solvents can be used with certain of the cellulose-based 
columns to further increase chiral selectivity [52]. Compared to commonly 


used alcohol modifiers, aprotic mobile-phase modifiers further reduce compe- 
tition of the solvent for hydrogen-bonding sites on the chiral stationary phase. 
Use of aprotic modifiers then further increases the capability of the solute to 


interact at sites involving hydrogen bonding. Methyl-t-butyl ether, methylene 
chloride, and ethyl acetate modifiers all can produce superior separation of 


some enantiomers. Based on limited experience, acetonitrile and tetrahydrofu- 


ran appear less desirable [52]. The effect of aprotic solvents as mobile-phase 
modifiers with the Chiralcel OD column (Table 12.12) is illustrated in Fig. 


$2.22. 
resolution of a chiral ester, with methylene chloride showing the highest 
column efficiency of any solvent tested. Note that additional resolution im- 


8iS 


TABLE 12.12 Solvents for Some Polysaccharide-based Chiral Columns 


Maximum Volume % of Solvents Allowed at 25°C? 


HAC, 
Adsorbent TFA, 
Fype Column-Name—Hexane—2-PrOH—EtOH—MeOH—ACN— EtOAc THF CHCh Water Acetone CHCl DEA C10; 
Amylose Chiralpak AD 100 100 100 100 20 20 5 5 5 0.5 | 
carbamate Chiralpak AS 100 100 100 5 0.5 | 
Cellulose Chiralcel OC 100 100 100 5 0.5 
carbamate Chiratce OD 100 100 100 ° 40 10 40 5 20 10 0.5 
Chiralcel OD-H 100 100 100 b 40 10 40 5 20 10 0.5 
Chiralecel OD-R +00 100 106 100 l 
Chiraicel OF 100 50 5 5 0.5 5 0.5 
Chiralcel OG 100 50 20 0.5 0.5 
Cellulose Chiraltcel CA-1 70 100 100 100 10 10 
ester Chiralcel OA 100 100 100 s 5 0.5 : 
Chiralcel OB 100 100 100 10 10 10 0.5 
Chiralcel OB-H 100 100 100 10 10 10 0.5 
Chiralcel OJ 100 100 100 100 100 20 10 5 20 10 0.5 | 
Chiralcel OK 100 100 100 5 0.5 | 


Source: Adapted from Ref. 15. 
* 2-PrOH, 2-propanol; EtOH, ethanol; MeOH, methanol; ACN, acetonitrile; EtOAc, ethyl acetate; THF, tetrahydrofuran: CHCh, chloroform; CH;Ch, dichlorometh- —  ć | 


ane; HAC, acetic acid; TFA, trifluoroacetic acid; DEA, diethylamine; CO3, perchloric acid and sodium perchlorate; pH 2-6, < 1.0 M. 
© 10% propionitrile. 


“10% propionitnite or isopropylamine. 
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provement also results from increasing the k ~ 1 with the alcohol modifiers 
to k = 2 with the aprotic mobile-phase modifiers. 


Manufacturers recommend the use of alcohol-modified hexane mobile 
phases with the polysaccharide-based columns for best column stability. How- 
ever, based on the limited studies of Ref. 52, it appears that certain aprotic 


solvents (up to 50% methyl-ż-butyl ether, 30% tetrahydrofuran, 10% methylene 
chloride, and 10% ethyl acetate) can be used with the Chiralcel OD column 
without instability problems. See Table 12.12 for limits on solvents for other 


cellulose-based columns. 
A cellulose-based column, Chiralcel OD-R, is also available for use in 
aqueous-organic mobile phases. Methanol, acetonitrile, and water with per- 


chloric acid or sodium perchlorate are permitted mobile phases. Limits of pH 
2 to 6 are recommended with mobile phases containing < 1.0 M buffers (Table 


as that shown in Fig. 12.23 indicate the potential of this column type for 
reversed-phase separations of more polar samples. 


12.3.4.2 Temperature and Pressure Effects. As indicated in Table 12.10, 
polysaccharide-based columns can be operated within the range 0 to 40°C 


decrease separation times. Generally, normal-phase separations are conducted 
at ambient temperature; limited data suggest that longer column life can be 


expected when the columns are operated at or below ambient temperature. For 
optimum separation reproducibility, columns should always be thermostatted, 
especially when operating in the reversed-phase mode. The efficiency of 


reversed-phase cellulose-based columns often is improved at temperatures 
above ambient, but the effect is solute dependent. 
As also indicated in Table 12.10, the manufacturer’s recommendations are 


that cellulose-based columns should be used with flow rates producing pres- 
sures of less than 700 psi (~ 50 bar). Operating pressures below 430 psi 


(= 29 bar) are suggested for maximum column life. The lower operating 


pressures for these columns (compared to most silica-based columns) suggest 
that polysaccharide-based particles are more difficult to pack into a sta- 


ble, homogeneous bed. 


12.3.4.3 Column Configuralion and P Most RAR are con- 


useful for scouting stationary- phase selectivity: as discussed | in Section 12. 3, 6. 
Columns up to 5 cm ID are available for preparative applications. Columns 


of the i re usually prepared with wide-pore silica 
support using 20 to 25% by weight of the stationary phase [44]. While most 
reported applications used columns with a 10-um particle size, recent separa- 


tions have favored columns with 5-um particles, because of higher resolution 
or faster separations. Separations with columns of 2.5-~m particles have been 
reported, but commercial columns of these material are not yet available [54]. 
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As with the other forms of HPLC, column efficiencies increase (plate heights 
decrease) significantly as the particle sizes decrease. For most separations, a 


; : -6-mm-= of 10- 
um particles, while a flow rate of 0.8 to 1.0 mL/min is preferred for columns 
of 5-um particles. Flow rates of 1.5 mL/min should not be exceeded for the 


polysaccharide columns because of pressure limitations. 


12.3.4.4 Sample Size. Sample introduction with the polysaccharide-based 


columns is essentially that previously described for RPC (Table 1.3) and NPC 
(Section 6.7.1). Typically, for a 0.46 x 25-cm column, 10 uL containing 
1 to 5 wg of a racemate is used in an assay-type analysis. (As with other HPLC 


methods, filtering the sample and the use of guard columns are recommended 
to obtain optimum column lifetime). Larger-diameter preparative columns 


permit much larger sample volumes and weights, particularly when these 


columns can be operated in a heavily overloaded condition (see Chapter 13). 


12.3.5 Applications 


Extensive Hats of Suara for POA based columns are available 


separations fricliide Ohanmmoecticats aaichemicals: naturally securing taie 
rials, and a wide variety of miscellaneous compounds. Cellulose-based chiral 


columns are especially suited for scale-up to preparative separations because 
high sample loads are tolerated relative to protein-based columns. The limiting 
factor in preparative separations with polysaccharide-based columns is often 


not the number of available chiral recognition sites but solubility of the sample 
in the mobile phase. Chapter 13 should be consulted for further information 
on developing preparative HPLC methods. 


12.3.6 Strategy for Method Development 


Selectivity changes with polysaccharide-based columns have largely been car- 
ried out by changing stanonory phase EEE EEA The column type most 


likely to prod 


with any certainty. However, successiu Daon have been correlated with 
compounds structures, so that an appropriate column type for a particular 


compound often canbe predicted. References 56 and 57 should be consulted 


if this approach is used. 
The general suggestions given in Table 12.10 of preferred column types 


for different compound types also may be of help in selecting a column for 


FIGURE 12.21 Effect of alcohol modifier type on resolution of chiral ester. Same 
conditions as Fig. 12.20. (Reprinted with permission from Ref. 52.) 
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FIGURE 12. 22 Effect of apron monie pras modine on resolution of chiral ester. 
4 ent; UV 
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detection. (Reprinted with permission froth Ref. 52.) 
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FIGURE 12.23 Analysis of pindolol enantiomers in urine with a reversed-phase 
cellulose-based column. Column: 25 Xx 0.46-cm Chiralcel OD-R; mobile phase: 40% 


= : ; 70: ; 723°C; 
fluorescence detector: excitation, 270 nm; emission, 310 nm. (a) Blank human urine; 
(b) human urine collected 1 to 2 h following an oral dose of racemic pindolol; 


R,RC+ )-pindolol;S,{—)-pindolol{Reprinted-with permission from Ref.53.) 


a particular separation. Non-ionic or moderately ionic samples generally are 
compatible with normal-phase chromatography. Experience with many com- 


pound types has shown that a decreasing order of successful separations 
with polysaccharide-based columns is OD > AD > OJ > OG > AS > OF > 
OB > OC > OK > OA. Statistically, the top four in this list are successful 


in separating more than 80% of unknown samples [51]. However, at times 
one of the other stationary phases may be uniquely able to separate a particular 


racemate sample. 
A simple experimental approach can quickly determine which type of 
column is best suited for a certain separation, particularly when new compound 


or functionality types are involved. Short (5 cm) tess-expensive columns of 
the preferred column types can be tested quickly with a mobile phase such 
as hexane/ethanol, keeping solute retention in the 1 < k < 10 range [52]. If 


these exploratory separations are unsuccessful, 2-propanol/hexane or mixtures 
of hexane with other alcohols can be tested (methanol has limited solubility 
in hexane). In all cases the amount of alcohol modifier is adjusted to produce 
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retentions of 1 < k < 10. With this approach, Chiralcel OD, Chiralpak AD, 
Chiralcel OJ, and Chiralcel OG columns are most likely to produce the desired 


separation, in decreasing order. Once a separation or partial separation is 
indicated, a longer column (e.g., 25 cm) of the most favorable type will increase 
enantiomer resolution. Alternatively, other mobile-phase modifiers can be 


tested for improving the separation. 
Another method development process strategy starts with a single column 
type, Chiralcel OD (3,5-dimethylphenylcarbamate derivative of cellulose), 


which has been found to be the most versatile of all of the polysaccharide- 
based columns for chiral separations. This approach involves adjusting enanti- 


type). A successful method-development strategy with this column type is 
summarized in Fig. 12.24 and detailed below [52]. 


Make an initial separation using a mobile phase of 10% ethanol in hexane at 
0.5 mL/min with a 5 X 0.46 cm Chiralcel OD column. Adjust the second-eluting 


If inadequate resolution results, change the alcohol modifier to 2-propanol, t- 
butanol, and methanol, in that order, maintaining the desired k range for the 


O Omo 


to an aprotic modifier (acetonitrile, methyl-t-butyl ether, and methylene chloride, 
in that order), or add the aprotic modifier to the hexane/alcohol mobile phase, 


Hexane/EtOH 


90/10, 5cm x 4.6mm column, 0.5mi/min 


adjust K to 3-10 by changing % EtOH 


No-or 
of enantiomers 


Optimize for additional alcohols - 2-propanol, 
t=-butanot, ?? 


No or partial resolution 
of enantiomers 


Change to or add Aprotic modifier 
ACN, MTBE, CH,Cl, 


No or 


of enantiomers 


Change Temperature or Column Type 


FIGURE 12.24 Strategy for separations with Chiralcel OD column. (Reprinted with 
permission from Ref. 52.) 
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adjusting the modifier concentration to maintain the desired k range. If no or 
only partial resolution occurs, decrease or increase the column temperature (in 


stage in this method development sequence, a longer column of the same station- 
ary phase can be used to increase enantiomer resolution.) If inadequate resolu- 


tion is seen, change to another column type (Chiralpak AD preferred initially, 


then Chiralcel OJ), and repeat the foregoing steps. If the desired resolution is 
not obtained with polysaccharide-based columns, other column types (Sections 
12.1, 12.3, and 12.4) should then be investigated. 


12:4 DONOR=ACCEPFTOR(PIRKEE) COLUMNS 


12.4.1 Introduction 


Separation with these CSPs is based on the three-point rule [8,9]. For chiral 
recognition to occur, a minimum of three simultaneous points of interactions 


is necessary_between_the solute_-and the CSP, with at_least-one_interaction 


being stereochemically dependent. These interactions can be either attractive 
or repulsive in nature. A simplified version of a three-point interaction is 


showrr in Fig. 12.6, 
Thousands of racemates have now been resolved on donor-acceptor CSPs, 
and over 30 different columns of this type are commercially available. These 


CSPs are also referred to as brush-type CSPs or (in honor of their inventor) 
Pirkle columns. In 1979 it was stated that “while no single chiral stationary 
phase will ever suffice to separate all enantiomers, rationally designed CSPs 


will be able to separate the enantiomers of a wide assortment of solutes” [58]. 
Pirkle columns are able to resolve enantiomers based on preferential binding 
of one enantiomer to the CSP (forming a diastereomeric complex) through 


a combination of 7-7 bonding, hydrogen bonding, steric interactions, and/or 
dipole stacking. Two of the interactions need to be attractive, while the third 
interaction can be either attractive or repulsive (steric). One advantage of 


Pirkle columns is that many are available in both enantiomeric forms, allowing 
reversal of the elution order of the enantiomers. This reversal capability is 


useful when performing both analytical and preparative separations. Also, in 
certain chiral separations, the second band of an enantiomer pair is much 
broader and may tail. Quantitation of a minor enantiomer peak on the tail 


of the major enantiomer peak almost always requires a larger value of a, 


compared to a minor peak that elutes first. The theory of reciprocity, that is, 
that chiral recognition is a reciprocal event, is the basis for the rational design 


of numerous Pirkle-type CSPs. If CSP Y can separate the enantiomers of 
compound X, compound X can function as a CSP to resolve the enantiomers 
of compound Y and related compounds. Many Pirkle-type CSPs are based 


on reciprocity, the Whelk-O 1 CSP being a good example [59,60]. This column 
was designed specifically for the separation of naproxen. A naproxen-silica 
CSP was first found to separate certain compounds into their enantiomers. 
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When bonded to silica, one of these compounds was able to separate the 
enantiomers of naproxen. Further modifications of this CSP resulted in the 


availability of the broadly applicabile Wheik-O 1 column. Other workers have 
followed a similar strategy for the preparation of CSP columns of the Pirkle 
type. For example, Oi and co-workers have reported a number of such columns 


now sold by Sumimoto [61,62]. 


12.4.2 Properties of Commercial Donor—Acceptor CSPs 


Following commercial introduction by Regis in 1980, the most widely used 


Pirkle-CSP_was_the3,5-dinitrobenzoylphenylglycine (DNBPG)-CSP_(Fig. 
12.25). This type of CSP, termed a z-electron acceptor, is generally effective 
for resolving aromatic enantiomers that are considered good z-electron do- 


nors. The 7-7 (intermolecular) interactions between aromatic rings of a solute 


and CSP are an important factor in enantioselectivity with this CSP. The 
DNBPG phase also contains two acidic hydrogen and two basic carbonyl 


groups which can hydrogen-bond with analytes such as amides, amines, or 
hydroxyls. This CSP is able to separate a wide variety of enantiomers (7- 
electron-acceptor columns of Table 12.13). 


A second kind of Pirkle column contains 7-electron-donating species in 
the CSP. A naphthalene (less so phenyl) ring is a strong 7-electron donor. The 
m-electron-donor CSPs were rationally designed to separate the enantiomers of 


amines, amino alcohols, amino acids, alcohols, carboxylic acids, and thiols 
(Table 12.13). These CSPs are especially good at separating 3,5-dinitrophenyl 
carbamate and urea derivatives of alcohols and amines. Figure 12.26 shows 


the structure of a CSP of this type (naphthylalanine). 
A third type of Pirkle column is the “hybrid” 7-electron acceptor~donor 


CSP_(e.g., the Whelk-O 1). This CSP (Fig. 12.27) was originally designed_for 
separating the enantiomers of naproxen (Fig. 12.28), and is one of the few CSPs 
of this type capable of separating the underivatized (+) and (—) naproxen 


—————— enantiomers Fhe-Whelk-0-+ column _incorporates-a-_7-base-and-7-acid and 


On 7OCHeHs a J 
Oo” aa aa 


FIGURE 12.25 Chemical structure of the 3,5-dinitrobenzoyl aren (3,5- 
DNBPG) CSP, a z-electron acceptor CSP. 


TABLE 12.13 Comparison of Pirkle CSPs 


Pirkle CSPs 


Packings 


m-Electron Acceptors m-Electron Donors m-Electron Acceptor/Donor 
D-Phenylglycine D-N-2-1- ylalanine Whielk-O t 

L-Phenylglycine L-N-2-Naphthylalanine 

D,L-Phenylglycine s i 

L-Leucine (S)-N-1-Naphthylleucine 

(R,R)-8-GEM 1 


(S,S)-B-GEM 1 
(R)-a-Burke 1 


(S)-a-Burke 1 


Separable compounds m-electron donors m-electron acceptors n-acids, m-bases 
Aromatics DNB or DNA derivatives 

Compound types Aromatic alcohols Alcohols, amino acids Ketones 
i 3 : id ae icohol icohols-t í 
Aromatic thiols Thiols Flavanones, coumarines 
A ; Aii : P fet 
Aromatic sulfoxides Diols Carbamates 
Mandelic acid analogs 8-Lactams 
Aryl-substituted phthalides Phosphonates 
Aryl-substituted lactams Atropisomers 


Aryl-substituted succinamides 
Aryl-substituted hydantoins 


a-Hydroxy-a-aryl phosphonates 
Aryl-propionic acids 


L8s 


Phenoxybenzylamines B-biockers 


Source: Ref. 63, with permission. 
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FIGURE 12.26 Chemical structure of the naphthylalanine CSP, a m-electron do- 
nor CSP. 


In addition, this column exhibits a wide range of versatility in the types of 
enantiomers resolved by it, and compares favorably to the polysaccharide 


CSPs (Section 12.2) for its range of generality. The Whetk-O ft cotumn can 
be used in both normal- and reversed-phase modes (Fig. 12.28). 
A list of some commercially available 7-donor, 7-acceptor CSPs is shown 


in Table 12.14. 


12.4.3 Mobile-Phase Conditions 


Pirkle-type CSPs generally use a mobile phase that is a mixture of a non- 


polar solvent A (e.g., hexane) plus a polar solvent B such as isopropanol or 


ethanol (B); % B is varied to control retention (k). Resolution is controlled 
less by the mobile phase than by the CSP, as long as k > 1. These same CSPs 
can_also be used in the reversed-phase mode, but normal-phase resolution is 


generally better. Pirkle-type CSPs are probably the most robust of available 


NO2 


NOz 


FIGURE 12.27 Chemical structure of the Whelk-O 1 CSP, a z-electron donor- 
acceptor CSP. 
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CH3 


OH 
* 
(0) 


CH3O 


Column: (S,S}Whelk-O 1 
25Scmx46mr-d 


Flow Rate: 1.0 m/min 
Detection: UV 254 nm 


Nomai phase Eluent: 


Reversed-phase Eiwent: 


60/40 80/20/0.5 

MeOH/0.1%H,PO,, pH 2.5 Hexane/EtOH/HOAc 
K: 2.24 K + 2.08 
3.83 K 2 440 


2.11 


14.57 min 


FIGURE 12.28 Separation of the enantiomers of racemic naproxen with reversed- 
and normal-phase conditions. (Reprinted with permission from Ref. 63.) 


TABLE 12.14 Some Commercially Available Pirkle-Type Chiral HPLC Columns 


a-Donor or 7-Acceptor CSP Trade Name Distributor 
D- or L-Phenyiglycine DNBPG Regis, J.T. Baker, ES Industries, E. | 
Merck, Serva | 
D- or L-Leucine Leucine Regis, J.T. Baker, ES Industries, Serva 
(R,R) or (S,S)-B-GEM 1 B-GEM 1 Regis | 
1 a-Burke-1 Regis 
D- or L-N-2-Naphthylatanine Naphthylalanine Regis 
(S)-N-1- i i Regis 
Whelk-O 1 Whelk-O 1 Regis 


Sumimoto OA Series (12 Pirkle-type 


OQA-2000, 2500, 3100, 3200, 3000, 4000, 4100, 4400, 


Regis, HPLC Technology, LTD, Sumimoto 


CSPs available) 
Phenomenex-Chirex Pirkle-type CSPs 


4500, 4600, 5000 
Chirex CSPs 


Phenomenex 


(28 available) 
DNB-phenylethylamine 


Nucleosil Chiral-2 


Machery Nagel 


Phenylmethy! urea 
(R)-Naphthyl urea 


a-Naphthyl urea 


(R)-Phenethyl-_urea 


Spherisorb Chiral-1 Phase-Sep 
Spherisorb Chiral-2 Phase-Sep 
YMC-Pak-K-Series YMC, Ine 
Bakerbond-a-naphthyl urea J.T. Baker 
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CSPs and generally have long lifetimes. Many major HPLC column manufac- 
turers have Pirkle-type columns available (Table 12.14). 


12.4.3.1 Solvents. Pirkle CSPs can tolerate the usual range of solvents used 
for either normal- or reversed-phase HPLC. For normal-phase separation, 


hexane is the preferred A-solvent and 2-propanol is the most common B- 
solvent, followed by ethanol. Chlorinated A-solvents are also allowed, but 
their use is less common. As described in Section 6.6 for normal-phase HPLC, 


when increasing the % B (polar modifier), retention and resolution of the 
enantiomer pair decreases. In a few cases, ethyl acetate or dichloromethane 


as B-salvent gives better resolution of enantiomers than 2-propanol. In one 


study of 10 enantiomer pairs, chloroform gave better resolution than ethanol 
as B-solvent [64]. If a marginal separation results from the use of hexane/ 


alcohol_as the mobile phase, it may be beneficial to change to-chloroform-or 
dichloromethane as the B-solvent with the same column. 
Pirkle CSPs can accommodate reversed-phase mobile phases: mixtures of 


water, alcohol, acetonitrile, and/or buffer, with or without additives such as 
acetic acid and triethylamine. The columns should be treated as other RP 
HPLC columns, maintaining pH between 3 and 8, rinsing buffers out before 


storage, and so on. The manufacturers claim that there are no column-related 
stability differences between reversed- and normal-phase use of Pirkle-type 
CSPs. There is no preference for starting a RP separation with methanol or 


acetonitrile as the B solvent. Retention and resolution are normally decreased 
with increasing percentages of B solvent. Acetic acid can enhance the separa- 
tion of acidic enantiomers, and triethylamine may be beneficial for basic 


enantiomers. Again, if the normal-phase resolution of enantiomers is marginal, 
reversed-phase resolution is usually poorer. 


12.4.4 Method Development with Pirkle CSPs 


separation of underivatised enantiomers is the (R, R or S, S)- Whelk-O 1 
(25 x 0.46 cm). If a separations of enantiomers cannot be performed on this 


column,—other—Pirkle-type-columns-should—be-considered.-The—a-Burke—1 
should be used for resolution of underivatized 8-blockers. If resolution of 
underivatized enantiomers is not successful on the two columns above, derivat- 


thylalanine CSPs have shown utility for separations of the 3,5-dinitrobenzoyl 
derivatives of acids, amines, and alcohols. Some Pirkle CSPs are available in 


shorter column lengths (1.0 cm X 3 mm) and particle size (3 um) for rapid 
screening, and these short columns are advantageous in that different columns 
(and mobile phases) can be tried within a short time. 


12.4.4.2 Mobile Phase. A good mobile phase for starting method develop- 
ment with Pirkle-type CSPs is 10% isopropanol—hexane. For acidic samples, 
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the addition of 0.1 to 0.5% acetic acid is recommended for the Whelk-O 1 
column. Solvent strength (% B) can be adjusted to improve retention and 


resolution in the usual manner. If little or no resolution is observed between 
enantiomers, % B should be decreased to 5% isopropanol (IPA) or lower. 
For a decrease in retention and a-value, % B should be increased. Generally, 


most chiral separations on Pirkle-type CSPs are performed in the range 5 to 
30% B. The k values should be maintained between 0.5 and 20. 
In some cases, the use of a different B-solvent (e.g., chloroform, methylene 


chloride) can improve resolution (larger a values). An example is shown in 
Fig. 12.29 for Pirkle columns CSP-5 and 6; œ values for ethanol/hexane are 
more than adequate (3.8 and 4.5). A change from ethanol to chloroform 


results in still larger a values (4.5, 9.3). Other solvents, such as butanol, ethanol, 
tetrahydrofuran, ethyl acetate, and chloroform, have also been used as the 


B-solvent-with 
and æ values for the enantiomers of 2,2,2-trifluoro-1-(9-anthryl)ethanol is 
shown in Table 12.15. These effects, seen here, show that the solvents have 


a greater effect on the retention and less on the resofution of the enantiomers. 
However, some conclusions can be drawn from this work: (1) longer-chain 
alcohols are preferred; (2) equivalent a values are observed for localized 


solvents such as EtOAc, THF, and ether; and (3) minimal changes in æ value 
are observed with changes in methylene chloride percentage. As a general 
rule, if an enantiomer separation is not possible with 2-propanol/hexane mix- 


tures, the use of a different B-solvent, such as dichloromethane, will not result 
in a successful separation. If little or no resolution is observed with initial 
runs (for k > 1), changing to a different CSP or the use of derivatization is 


recommended. 
Reversed-phase conditions are sometimes desired, such as when an analyte 


has low solubility in nonaqueous mobile phases. Most of the Pirkle-type CSPs 


are stable in reversed-phase solvents [63]. Since Pirkle-type CSPs are stored 
in hexane-2- propano, a Moroni rinsing with a water- miscible solvent (e. 8. 3 


phases. For KEL pe conditions a speed starting point is 50% methanol 
(% B) or acetonitrile plus 50% of 10 to 25 mM phosphate buffer (pH 3 or 


6.2=8.2), acetate buffer (pH 3.8=5.8), or citrate buffer (pH 2.1-6.4). The B- 
solvent can then be adjusted to obtain k values between 0.5 and 20. If no 
resolution between enantiomers is seen after a few experiments, that particular 


CSP will probably not resolve the sample enantiomers in the reversed-phase 
mode. Another CSP should then be evaluated. In most cases, if the enantiom- 
ers are not resolved in normal phase, switching to reversed phase will not 


result in enantioselectivity. 


12.4.4.3 Derivatization. Derivatization with an achiral reagent often en- 


hances enantiomeric separation on Pirkle columns. The use of derivatization 
with an achiral reagent coupled with a CSP column is usually preferred to 


derivatization with a chiral reagent (Section 12.1.1), because an optically pure 


CSP# Modifi ao k %B 

COCH 5 EtOH 3.82 117 10 

COs CH, 5 CHCI; 5.80 10.1 20 
6 EtOH 449 199 10 

6 CHCI; 9.27 21.1 20 


€6S 


k. HPLC conditions: colina: 150 Dae mm ID, flow rate, 2 mimin, detection, 254 nm, 


ambient temperature. (Adapted from Ref.64.) 
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TABLE 12.15 a@ and k Values for 2,2,2-Trìifluoro-1-(9-anthryl)ethanol" 


Mobile Phase a ky 
10:90 n-butanol—hexane 1.62 1.23 
10:90 2-propanoi—hexane 1.56 1.0 
9-91 ethanol—hexane +33 +23 
10:90 tetrahydrofuran—hexane 1.47 2.38 
9:91 ethyl acetate-hexane 1.50 3.72 
14:86 ethyl ether—hexane 1.49 6.06 
40:60 methylene chloride—hexane 1.44 7.66 
50:50 methylene chloride—hexane 1.48 2.33 
_____70:30 methylene chloride—hexane 1.42 0.94 


60: 40 chloroform—hexane 1.33 1.94 


Source: Ref. 65, with permission. 


7 Conditions: Column: 250 X 4.6-mm (R)-DNBPG; flow rate, 2.0 mL/min; detection, 254 nm. 


derivatizing reagent is not required. If the analyte has an easily derivatizable 
functional group that is near the stereogenic center, resolution of the deriva- 


alcohols, amines, and acids. Common derivatizing reagents, functional groups, 
and corresponding CSPs are shown in Table 12.16. The drawbacks to derivati- 


zation are increased method development time and the additional time needed 
for the derivatization reaction. 
Achiral derivatization for enhanced enantioselectivity can be applied to 


amino acids, amines, amino alcohols, alcohols, and thiols. Table 12.17 shows 
many examples of enantiomer separations of derivatives on a Pirkle-type (S)- 
(—)-N-(2-naphthyl)valine CSP; these compounds were derivatized to their 


corresponding 3,5-dinitrobenzoyl amides and esters, respectively, or to the 
corresponding 3,5-dinitrophenylurea and 3,5-dinitrophenylcarbamoy] deriva- 
tives, respectively. Derivatives (as in Table 12.17) provide additional interac- 


tions (7-base and hydrogen bonding) to achieve formation of a suitable diaste- 
reomeric complex between the CSP and analyte. 


12.4.4.4 Effects of Temperature and Flow Rate. Values of a for CSP separa- 
tions generally increase as the temperature is lowered. This is illustrated in 


~~~ Fig. 12.30, the separation of practolot enantiomers on an a-Burke t CSP. As 
the temperature is lowered from ambient to —24°C, resolution is improved. 
However, in most cases, if no separation is seen at room temperature, decreas- 


ing the temperature will not result in enantioselectivity. The effect of flow 
rate on resolution for Pirkle columns is less pronounced than for the protein 
(Section 12.2) or polysaccharide (Section 12.3) CSPs. Unless at least partial 


resolution of an enantiomeric sample is seen with a particular Pirkle- 
type CSP, changes in flow rate to improve the separation usually will be inef- 
fective. 


TABLE 12.16 Preferred CSPs for Some Easily Derivatized Functional Groups and Corresponding Derivatizing Reagents for Use with 


Pirkie Columns 
Derivatizing Reagent 
N-Imidazole- 
N'-carbonic. 
Functional acid-3,5- 3,5-Dinitrobenzoyl 2-Naphthoyl 
Group dinitroanilide —_a-Naphthylisocyanate chloride 1-Naphthalenemethylamine chloride 3,5-Dinitroaniline 
Amine m-donor m-acceptor m-donor/acceptor m-donor/ 
acceptor 
Alcohol m-donor m-acceptor 
L Carboxylic m-acceptor a-donor 
acids 
Amino a-donor 
acids 


Source—Adapted_from Ref.-67. 
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TABLE 12.17 Enantiomer Separations of Derivatives on a Pirkie-Type CSP” 


O 
l | 
O,N Ss O,N N, 
i 
NO, 


= DNAn 
NO, 
Eluant (% v/v 2- Most Retained 
Compound Derivative Separability Factor (a) ky R, propanol in hexane) Enantiomer | 
p 
a- and B-Amino Acid Derivatives | 
H,N CONHn-Bu DNB 17.66 0.38 10.5 10 S l 
H,N DNB 1.45 7.97 4.2 5 
CONHn-Bu 
H,N CONH CO,CH, DNB 18.66 1.87 18.3 20 S,S 


SCH, 


DNB 1.97 0.93 2.2 


DNB 1.25 7.33 2.1 


Derivatives of Amines and Amino Alcohols 


DNAn 1.19 5.87 1.5 
DNAn 1.33 3.27 2.8 
DNAn 419 6.37 24 


L6S 


(Conanu 


TABLE 12.17 (Continued) 


(0) H 
H | 
O,N “Ss O,N N, 
i 
= DNB oO = DNAn 
NO, NO, 
Eluant (% v/v 2- Most Retained 
Compound Derivative Separability Factor (a) ky R, propanol in hexane) Enantiomer 
saknin sinden bE A EA E 
NH, DNAn 2.42 14.87 10.6 5 
NH, DNAn 4.53 1.35 V7 20 S 
Å o 
OH a bis-DNAn 1.41 13.2. 3.6 20 


Derivatives of Alcohols and Thiois 


OH DNAn 124 3149— T8 5 S 
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10.870 min 


12.270 min :  qa-Burke 1 13.070 min 


25 om X 4.6 mmid. 
4/1.2/15 mM 
CH,CNÆtOH/ 


ity for Practolol. (Reprinted with permission from Ref. 68.) 


12.5 CAVITY-TYPE COLUMNS 


12.5.1 Introduction 


A cavity-type CSP allows inclusion of one or both enantiomers into a chiral 


enantiomers. Cyclodextrin-bonded phases (CD) comprise most cavity CSPs, 
but synthetic chiral polymers have also been used for inclusion complexation. 


Cyclodextrin CSPs make use of interactions such as H-bonding and inclusion 
complexation. These interactions require that the analyte contain at least a 
hydrophobic portion that fits into the CD cavity. If the analyte also contains 


polar groups that can hydrogen bond to the CD hydroxyls, enantioselectivity 
can be enhanced. Cyclodextrins are available in a-, 8-, and y-CD types that 
are formed from 6 (æ), 7 (B), or 8 (y) glucopyranose units connected by a- 
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(1,4)-glycosidic linkages. The resulting CD molecule has a torroidal structure 
(Fig. 12.31a) that allows entry of hydrophobic segments of enantiomer mole- 


cules into the € 
polar, secondary hydroxyl groups, but the cavity itself is hydrophobic. The 
hydrophobic portion of an analyte molecule prefers the non-polar interior of 


the cavity, while polar functional groups can hydrogen bond to the polar cavity 
opening. The B- and y-CD CSPs are rigid and more stable to different solvents; 
a-CD is less rigid and can stretch to accept larger molecules into the cyclodex- 


trin cavity. Table 12.18 shows some of the chemical and physical properties 
of the three cyclodextrins. 
The size (diameter) of the analyte molecule largely determines whether it 


will fit into the cyclodextrin cavity. If the hydrophobic portion of the analyte 
is larger than the cavity opening, the binding of the inclusion complex will 
be very weak or nonexistent and chiral resolution generally will not occur. 


Conversely, if the hydrophobic portion of the analyte is much smaller than 
the CD cavity, the binding of the inclusion complex will also be weak, since 


interaction with the cavity walls is less likely. As a general rule, compounds 


containing a single ring such as benzene separate on a-CD, compounds con- 
pene two rings such as napirhyiene Spare on PCD, and compounds 


tha size also affect CD enantioselectivity (e: z the nature of polar functional 
groups, especially those capable of hydrogen bonding). 


Fhe-role-of the hydrophobic-moiety-can-be-seen-in Fig. 12,32-for-four 
structurally similar aromatic acids. The enantiomers of acids I and II are 
readily separated on B-CD, whereas compound III is marginally resolved and 


at all. The addition of a non-polar ring (such 
as cyclohexyl in I and II) allows for a better fit in the B-CD cavity, hence 
resolution of the enantiomer pairs. Compounds III and IV contain one aro- 


matic ring that possibly results in a less tight fit into the B-CD cavity, hence 
less resolution of the enantiomers. There are certain structural features that 
help enhance an enantioseparation on CD CSPs: 


- The analyte molecule needs to “fit” into the CD cavity. 
: An aromatic ring or cycloalkyl! ring should be attached near the chiral 


center of the analyte molecule. 
- Substituents at or near the analyte chiral center must be able to interact 


with the 2° or 3°—OH groups at the-entrance-of the-€D cavity. 


Figure 12.33 provides an example of the foregoing features that help to 


ioselectivity on s. The nitrophenyl ring is attache 
directly to the chiral center, whereas the phenyl group is more distant from 
the chiral center. Therefore, the nitropheny! group will be more important in 


forming an enantioselective inclusion complex. In addition, the carbonyl group 
near the chiral center is available for hydrogen bonding with the hydroxyls 
at the entrance of the CD cavity. 


Alpha-cyclodextrin Beta-cyclodextrin Gamma-cyclodextrin 


FEER 
i?) OHS 


OH 
Q 


(b) 


FIGURE 12.31 Cyclodextrin molecule. (2) Structures of æ-, B-, and y-cyclodextrin; (b) 
diagram of a cyclodextrin molecule, represented as a truncated cone attached via a spacer 


to silica gel, which forms a reversible i ith a chiral naphthyl compound. 
(Reprinted with permission from Ref. 69.) 
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TABLE 12.18 Physical and Chemical Properties of Cyclodextrins 


Number of 
Type of CD Molecular Weight Cavity Diameter (nm) Glucose Units 
a 972 0.57 6 
B 1135 0.78 7 
y 1297 0.95 8 


Source: Adapted from Ref. 69. 


H 
OH na (Oye -COOH Tropic acid 
een acid CHOH Ill 


H (O$ coon Handel acid 
(O)¢-cooH Cyclohexyiphenylacetic acid o 


FIGURE 12.32 Structures of aromatic carboxylic acids. (Reprinted with permission 


from Ref.70.) 
Stronger 
Inclusion 
Weak 
Inclusion 


FIGURE 12.33 Structure of a compound showing interaction sites. (Adapted from 
Ref. 69.) 


604 CHIRAL SEPARATIONS 


B-CD and derivatives of B-CD are by far the most widely applicable CD 
CSPs for separating of enantiomers. The a- and y-CD are much less used, 


and therefore there are fewer applications of enantiomer separations on these 
CSPs. The general use for both a- and y-CD CSPs is for the separation of 
positional isomers. a-CD is useful for molecules smaller than benzene (e.g., 


underivatized amino acids and prostaglandins). y-CD is most useful for the 
separation of positional isomers of compounds containing three or more rings 
(e.g., chrysene, pyrene, and anthracene). Derivatization of 8-CD (illustrated 


in Fig. 12.34 and Table 12.19) can lead to enhanced enantioselectivity. Many 
of the functional groups added to the CD molecule are similar to those used 


for polysaccharide (Section 12.3) and Pirkle (Section 12.4) CSPs. A list of 


commercially available cyclodextrin columns is shown in Table 12.19. 


12.5.2 Method Development for Separations Using Underivatized 
CD Columns 


12.5.2.1— Separation Modes. There are three possible starting points for 
chiral separations using a CD column: normal-phase, polar-organic-phase, and 
reversed-phase modes. An important parameter in choosing the mode of 


operation is the solubility of the analyte. Several scenarios are presented below. 


1, If the solute is soluble only in organic solvents, then either normal-phase 


or polar-organic-phase modes should be used. 


a. Polar-organic-phase mode: 100% acetonitrile or methanol is used as 
ee i . ; | 


of hydrogen bonding or peak tailing. 
b. Normal-phase mode: A good starting point is a mobile phase consist- 


ing of 9:1 (hexane=isopropanol). Concentration can be varied to 
provide a proper k range. 
2. The solute is water soluble only: Reversed-phase conditions are pre- 


ferred: 80:20 acetonitrile-buffer, 3.5 < pH < 7.0. The concentration of 
the organic solvent can be varied to provide proper k range. 


3. The solute is water and organic soluble. If the solute is soluble in a 


variety of solvents, any of the three modes above can be used. 


In-general,_the-suecess_for-enantioseparations_is_reversed_phase—>—polar- 


organic mode > normal phase. 


12.5.2.2 Reversed-Phase Mode. Underivatized CD-CSPs are typically used 
with reversed-phase conditions. The major retention process for reversed- 
phase CD enantioseparations is inclusion complexation [69,71—73}: the inser- 


tion of an aromatic or cycloalkyl ring(s) of the analyte into the hydrophobic 
cavity of the CD. A change in % B can be used to control retention and 
resolution. Methanol and acetonitrile are most often used as the B-solvent; 


acon et 
ace lated 
OH 


SP or RSP 


i] 
—CH,CHCH, 
* 


RN or SN 


(naphthylethyl 
carbamate) 


DMP 
(3,5-dimethylphenyl! 
carbamate) 


SILICA GEL 


CHs 
P 
CH; 
CH, 
CH, 


s09 


FIGURE 12.34 Derivatives of cyclodextrin. (Reprinted with permission from Ref. 69.) 
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TABLE 12.19 Some Commercially Available Cyclodextrin Columns*” 


Trade Name Support 
Cyclobond I 2000 B-Cyclodextrin 
REDES H 2000 y-Cyclodextrin 

H2000 a-€ i 
E I Ac 2000 Acetylated B-CD 
Cyclobond I SP 2000 Hydroxypropyl ether 8B-CD 
Cyclobend I RSP 2000 Hydroxypropy! ether B-CD 
Cyclobond I RN 2000 R-Naphthylethyl carbamate 8-CD 
Cyclobond I SN 2000 S-Naphthylethyl carbamate B-CD 
Cyclobond I PT 2000 p-Toluoyl ester B-CD 


a Manufacturer and Main Supplier: Astec 


> particle size: 5 am 


isopropanol, ethanol, dimethylforamide, and dioxane have been used occa- 
sionally [69]. Selectivity and resolution can be adjusted to a limited extent by 


changes in the B-solvent, pH, and ionic strength. The use of a buffer appears 
to pros ee and pipet for some cD 2 separations: Triethyla: 


acid, ammonium pa and ammonium nitrate have Beet used for other 
classes of compounds. Phosphate buffers are not recommended [69], as phos- 


has-been shown to attack silica. Hf ammonium phosphate is used ina 
buffer, it should first be purified by passage through a C;g column to remove 
impurities that may be strongly retained on a CD column. 


pH is an important parameter with respect to separation of enantiomers 
on CD CSPs, since the stability of inclusion complexes is dependent on the 
analyte charge. Generally, the inclusion complex is weaker for a charged 


species than for a neutral species. If a solute contains ionizable groups, reten- 
tion (k) and selectivity (œ) can be affected by changes in pH. As a general 


rule, several experiments should be run, usually testing at pH 4 and 7, or 
alternatively, 0.5 pH unit above or below the pK, of the solute. 
For amines, the effects of pH in the range 3.8 to 5.8 can be readily examined 


by-preparing-a_10-m/M_acetic_acid_buffer, the -pH_of which-is-adjusted-with 
dilute NaOH. For acids a citrate buffer is useful in the pH range 2.1 to 6.5. 
After the pH has been optimized, the buffer type and concentration can be 


examined. Since buffers are known to include into the CD cavity, the choice 
of buffer type is important. As a general rule, as the buffer concentration 
increases, peaks become sharper and retention time decreases. Silica-based 


CD columns are stable in the pH range 3 to 7.5 [69]. Strong acids or bases 
and 100%-water mobile phases should be avoided as for reversed-phase HPLC. 
A precolumn of silica can be used with CD columns for additional lifetime 
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when the mobile phase pH is above 6.5. For the acetylated CD column, the 
mobile-phase pH should be maintained between 4 and 6.5. 


Decreasing the amount of polar organic modifier usually results in an 
increase in k and can influence a. In Fig. 12.35, decreasing the organic modifier 
from 35% to 20% methanol provides almost baseline separation of this hexo- 


barbital sample. However, decreasing the percent polar modifier does not 
always result in increases in a. Other modifications, such as a change in the 
type of B-solvent, may affect enantioselectivity. Table 12.20 shows the effects 


of changing the polar organic modifier from acetonitrile to ethanol on k and 
a values. In general, methanol affords better resolution than acetonitrile or 
ethanol [69]. 


Flow rate may have a large effect on column efficiency. In certain cases 
the formation of the inclusion complex is hindered by mass transfer between 


efficiency. In cases where solutes show excessive band broadening at flow 
rates between 19 and 2.0 mimin, zdecreasing tie now rate can ee 


efficiency up to thre 
1.0 and 0.4 mL/min [69]. Flow rates of 0.2 to 2. 0 mL/min are recommended 


for CD columns. 


with CD CSPs. As with reversed-phase chromatography, increasing tempera- 


35% MeOH 
S 

oa 

S 
€ 
e 25% MeOH 
% 5 
N pet 
g a 20% MeOH 
S eem mM 
E 3g 
G no 
a "~ 
< 

= 0.7 Rs; = 1.0 R; = 12 

Time 


FIGURE 12.35 Enantiomeric separation of hexobarbital on a 8-CD column as a 


function of the percentage methanol. Conditions: 10 cm 8-CD column, flow rate 
1.0 mL/min, 22°C. Mobile phase is methanol—water at the indicated percent composi- 
tion. (Reprinted with permission from Ref. 72.) 
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TABLE 12.20 Comparison of Enantiomer Separations Using Different Mobile- 
Phase Components with the B-CD Column 


Compound ky ky a R, Mobile Phase 
Dns The 2.39 2.77 1.16 0.96 30% ACN? 
1:37 158 t-t6 0:74 40% ACN” 
3.89 4.45 1.14 0.68 30% ACN? 
6.12 6.61 1.08 b 30% EtOH" 
Pns Łeu 0:93 +39 +50 +00 40% AEN* 
2.94 3.63 1.23 0.93 30% ACN? 
3.97 4.73 1.19 0.69 30% EtOH" 
DDDD2 0.10 0.10 1.00 b 40%-ACN" 
0.35 0.35 1.00 7 30% ACN? 
5.8 6.9 1.19 0.51 25% EtOH" 


Source: Ref. 72, with permission. 
° Refers to percent (v/v) of acetonitrile in water as mobile phase. 


t Not resolved. 
è 


4 DDDD is trans-æ-a-(2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis(diphenylmethano!). 


ture gives better column efficiency but decreased resolution. In some cases, 
improved chiral separations are observed below room temperature (i.e., 5 to 


15°C). Binding constants of CD to solutes are temperature dependent, and 
at lower temperatures there is increased binding [71]. Figure 12.36 shows 
the effect of increasing temperature on separation for the enantiomers of 


cyclohexylphenylglycolic acid (CHPGA). As column temperature is increased, 
a decreases, but column efficiency improves and resolution is not significantly 
changed. In many cases it is advantageous to lose a little in resolution to gain 


in detection sensitivity by operating at higher temperatures with sharper peaks. 
For a reversed-phase separation on underivatized CDs, the following 


method-development experiments are recommended: 


1. Determine k values, resolution, and retention behavior of analyte 


for methanol and acetonitrile mobile phase modifiers (maintain 0.5 < 
k < 20). 


2. Prepare a 10 mM acetate or citrate buffer (avoid phosphate). Determine 


optimal pH by varying pH between 3 and 7. Use acetate between 3.8 
and 5.8 and citrate between 2.1 and 6.5. 


3—Determine-buffer-concentration-effects-at-optimalpH. 


A 


Study effects of temperature. 
5. Determine optimal flow rate. 


12.5.2.3 Polar-Organic and Normal-Phase Modes. Enantioseparations 
with the CD-CSPs have also been successful using the polar-organic mode. 
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[oora 


T = 57°C 


T=31°C 


(0) 5 10 15 20 0 5 10 
t (min) t (min) 


FIGURE 12.36 Chromatograms of cyclohexylphenylglycolic acid (CHPGA) at differ- 
ent temperatures. Column: B-CD 175 X 4.6 mm, acetonitrile-methanol—potassium 


—_————— phesphate-(0.1) pH 4.2-315: 6.0: 62.5 v/v/v) {Reprinted-with_permission from 
Ref. 70.) 


Either methanol or acetonitrile is used as the mobile phase, with addition of 


acetic acid or triethylamine to help control retention, selectivity, and peak 
shape. Acetonitrile often is the solvent of choice, although smal! amounts of 
methanol (usually less than 10%) can be used to adjust selectivity. 


Normal-phase conditions are used in only a few cases with the underivatized 
CDs. The non-polar portion of the mobile phase occupies the cavity of the 
CD, and the solute interacts with the secondary hydroxyls present on the 


surface. Under these normal-phase conditions, the CD CSP resembles a diol- 
type stationary phase, and retention is more pependent on hydrogen eae 


preload solvents are hezan- espropanol mixtures. ‘Modifiers such as ethanol 
or butanol sometimes have shown increased resolution of enantiomers. In a 


few-cases,-dichloromethane-or-ethy! acetate—-as _the—“‘non-polar’*-component 
of the mobile phase has resulted in increased enantioselectivity. 
Cyclodextrin CSPs are stable in all organic solvents normally used in chro- 


matography. However, halogenated solvents should be used with caution since 


they form strong inclusion complexes and retard the desired interaction with 
the enantiomers. 
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12.5.3 Method Development with Derivatized Cyclodextrins 
____________Derivatized CD-CSPs have been prepared by reacting the hydroxyls at the 


mouth of the CD cavity with groups such as acetyl, 2-hydroxypropyl, and 
naphthylethylcarbamate. The addition of these functional groups attached to 
the-opening_of the-CD-cavity_imparts—_additional_enantioselectivity_to—the 


CSP. The following summarizes the uses and advantages for several of these 
derivatized CSPs. 


Cyclobond I Ac (Acetylated). This CSP has good reversed-phase versatility 
for the separation of cis-trans isomers, a-hydroxy or amine chiral compounds, 


or for compounds where the analyte stereogenic center is a or 8 to an alcohol 
or amine. The CD-AC-CSP can also be used in the normal-phase mode, where 
it is considered analogous to acetylated cellulose (Section 12.3). 


Cyclobond I SP (S-Hydroxypropyl Ether). The flexible S-hydroxypropyl 


group improves the potential hydrogen bonding. Resolution is enhanced if 


the hydrogen-bonding groups of the analyte are two to three carbons away 
from the stereogenic center, and when there are bulky substituents 8 to the 


chiral center. Also, with this derivatized CD, the secondary hydroxyls are free 
to rotate, unlike native CD, providing an additional mechanism for binding. 
This column can only be used in the reversed-phase mode. 


Cyclobond I RSP (R,S-Hydroxypropyl Ether). The comments above regard- 
ing the -SP-also-apply_to-this-CSP,-which-has-outperformed the SP version, 


where weak inclusion complexation is the primary mode of enantioselectivity. 
This column can only be used in the reversed-phase mode. 


Cyclobond I RN or SN (RorS-Naphthylethy! Carbamate). The chiral naphthy- 
lethyl carbamate moiety is attached to the secondary hydroxyls of the CD 


and imparts additional chirality to the CD-CSP. Enantioselectivities similar 
to those observed on the Pirkle naphthylvaline CSP (Section 12.4) are 
_______—observed. The RN or SN CD-CSP can be used in normal-phase, reversed- 


phase, and polar-organic modes. In normal-phase mode, 7-7 bonding, dipole 
sens ano Ae rs pay an mporn: rolen in enantioshlechvity: 


the RN or r SN CD- CSP in Hora pha made: tn revered: plase mode; 
inclusion complexing is the driving force. Hydrogen bonding of groups near 


the chiral center (which plays a lesser rote in enantiosetectivity with this CSP) 
is controlled by pH. In the polar organic mode, enantioselectivity is driven 
by surface interactions and not inclusion complexing. The RN or SN columns 


have resolved the enantiomers of derivatized amines, amino acids amino 
esters, and underivatized pesticides. The RN or SN CD-CSPs are also useful 
when analytes have hydrogen donor or acceptor sites that are several atoms 


from the aromatic portion but near to the chiral center. 
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SN Column 
Hexane/IPA 90/10 


Peaks Elute No Elution 


Peaks Elute No Elution 


No Separation 


Alter ACN or MeOH % Optimize by Varying % Use neat CH;CN, EtOH or 


MeOH. Add 0.1-1.0% HoAc 
and TEA for acids and bases 
respectively 


so that k is between 1- 
10. Add either HoAc 
OR TEA, 10 to 500 ml. 


IPA or change to another 
modifier, i.¢.,., BuOH, 
pentanol or 2-BuOH 


If no separation go to 
RP, Fig. 12.38 


Optimize Separation by 
varying amounts of HoAc 
and TEA. 


Go to RP, Fig. 12.38 


FIGURE 12.37 Protocol for normal-polar organic phase on the Cyclobond I SN/ 
RN. (Adapted from Ref. 69.) 


Cyclobond I DMP (3,5-Dimethylphenyl Carbamate). This CSP is structurally 


similar to Chiralcel OD (Section 12.3) and can be used in both reversed- and 
normal-phase modes. Separations that have been successful with Chiralcel 
OD generally can be performed on the DMP CSP [72]. However, the latter 


is more robust because the CD moiety is bonded to the silica, whereas the 
Chiralcel OD is a “coated” column packing (Section 12.3.2.1). 


Cyclobond I PT (para-Toluyl Ester). x-7 bonding and hydrogen bonding 
contribute to chiral recognition on this CSP, which offers similar selectivities 


to Chiraicel OF CSP. 
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SN Column 35/65 CH;CN/Buffer. pH 
dependent on pKa of analyte 


Peaks elute No elution 


No Separation 


Either increase or decrease 


Either increase or 


decrease pH pH 
Change organic Change organic modifier to 
modifier to either Vary pH, buffer strength either MeOH or EtOH 


MeOH or EtOH and nature of organic 


modifier 


varying parameters in 
smaller increments 


Go to NP, Fig. 12.37 


FIGURE 12.38 Protocol for reversed phase on the Cyclobond I SN/RN. (Adapted 
from Ref. 69.) 


Of all the derivatized CDs, the RN and SN have produced the largest 
number of chiral separations. For unknown reasons, the SN CSP statistically 


has shown better versatility than the RN CSP [69]. Protocols for normal- and 


reversed-phase separations with the RN and SN CSPs are shown in Figs. 12.37 
and 12.38. 
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PREPARATIVE HPLC SEPARATION 


13.1 Introduction 
13.2 Developing a Preparative HPLC Separation 


13.2.1 General Considerations 
13.2.2 Effect of Sample Size: Touching-Band Separation 
13.2.3 Optimizing Conditions for Preparative HPLC 


13.24—-G 
13.2.5 Trace Recovery 


13.3 Practical Aspects of Preparative HPLC 


13.3.1 Sample Solubility 
13.3.2 Equipment Requirements 


13.4 Quantitative Prediction of Preparative HPLC Separation 


13.4.1 General Relationships 
13.4.2 Column Saturation Capacity 
13.4.3 Gradient Elution Separations 


13.4.4 Heavily Overloaded Separation 
13.4.5 Unusual Isotherm Behavior 


13.5 Summary and Example of Method Development for Preparative HPLC 


13.5.1 Process-Scale HPLC Separations 


13.1 INTRODUCTION 


Other chapters in this book assume that the purpose of HPLC separation is 
the analysis of different samples. This chapter deals with preparative HPLC 
(prep LC), where the goal is the isolation of purified material (product) for 


further use. The goals and characteristics of preparative vs. analytical HPLC 
are compared in Table 13.1. When only small amounts of pure product are 
required, an analytical HPLC method (e.g., 0.46-cm column ID) can be used 


to recover nanogram-to-sub-milligram quantities of product. The sample band 
is observed as it passes through the detector, and the band is collected at the 
detector outlet. Removal of the mobile phase by evaporation or lyophilization 
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TABLE 13.1 
Characteristics 


Analytical vs. Preparative HPLC: Differences in Goals and 


Analytical HPLC Preparative HPLC 


Goals 


Recovery of purified product 
Usually only one or a few sample 
components (products) of interest 


Information about sample composition 
Most or all sample components often of 
interest 


Characteristics 


Sample weight just large enough for Largest possible sample weight for 


adequate detection maximum yield of pure product 


Reversed-phase HPLC most convenient 
Column ID 1-S mm 


Normal-phase HPLC most convenient 
Column [D 1-10 cm (or larger) 


Column particles 5 um or smaller 
HPLC pumps provide up to 10 mL/min 
Sample injection usually not a problem 


Column particles 7 um or larger 
HPLC pumps provide >> 10 mL/min 
Sample injection more difficult, requires 


Detection conditions selected for 
maximum sensitivity 


more attention 
Detection conditions often selected for 
reduced sensitivity 


Solubility of sample in mobile phase 
usually not important 
Mobile-phase volatility unimportant 


Sample solubility usually very 
important 
Mobile phase should be volatile; no 


involatile additives 


then furnishes purified product. Larger amounts of purified material can be 
obtained by injecting larger samples and/or by repetitive injections with pool- 


ing of product fractions. 
When milligram or greater amounts of purified product are needed, it is 
usually best to operate the column under overload conditions [where the 


sample weight is large enough to distort the band and reduce resolution 
(Section 2.4.2)}. This is illustrated in Fig. 13.1. For sample injections that 


contain no more than 25 yg of product (Fig. 13.12, 0.46-cm column), bandwidth 
and retention times are usually not a function of sample size, and the appear- 
ance of the chromatogram remains the same regardless of sample weight. The 


—_______injection_of_a_-much_larger leads to 


sample weight under the same- conditions 
separation as in Fig. 13.1b. The product band Y (*) has widened to the 
point where it t touches the n impurity band X acalled pares ime 


= 100% i in the separation of Fig. 13. 1b, while a much ares yield or prediction 
rate of purified product is possible than in Fig. 13.1a. 


A maximum production of purified product per injection is usually a major 
goal in prep LC. Often, the yield of purified product per run can be increased 
beyond that of Fig. 13.1b by injecting a still greater weight of sample (Fig. 
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small sample (grams) touching bands (mg) 


overlapping bands (mg-grams) 


(c) 


FIGURE 13.1 Hypothetical separations as a function of sample weight. (a) Analytical 
conditions; (b) lightly overloaded (touching band) separation; (c) heavily overloaded 


{overlapping band) separation. A column internal diameter of 0.46 cm is assumed in 
the discussion of these separations. 


13.1c). Now the product band overlaps one or more impurity bands. However, 
small fractions can be collected across the product band and analyzed by the 


HPLC procedure of Fig. 13.1a. Fractions containing purified product can be 
pooled, followed by removal of the mobile phase and recovery of the final 
product. Although this procedure is more complicated and requires additional 


experimental effort, it can be cost-effective when large amounts of purified 
product are required. 
For the recovery of purified product from_an impure starting material, it 


is convenient to use the same optimized HPLC conditions that were developed 
initially for analysis of the sample. Sample size can then be increased, as in 


Fig. 13.1, to the point where the required amount of purified product can be 


recovered from one or more runs. When larger amounts of product are re- 
quired, coun diameter can pe area: amg AE samples pia (other 


product a are required, however. it is usually best to redesign the analytical 
method so that it is optimum for prep LC. 


13.2 DEVELOPING A PREPARATIVE HPLC SEPARATION 


13.2.1 General Considerations 
Usually, an analytical HPLC procedure will be developed first and can be 


used as a starting point for a preparative method. Several considerations 
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peculiar to prep LC separation should be kept in mind, however. First, it will 
be necessary to remove the mobile phase from collected product fraction(s). 


For this reason, normal-phase chromatography with organic solvents as the 
mobile phase is often preferred. The removal of volatile organic solvents from 
the product will be easier than for reversed-phase HPLC with aqueous mobile 


phases. Similarly, non-volatile mobile-phase components should be avoided, 
if possible, making ion-pair chromatography (Section 7.4) less desirable. If a 
buffer must be added to the mobile phase, volatile buffers are preferred (e.g., 


acetic or formic acid, ammonium carbonate, formate, or acetate). Otherwise, 
a second separation for removal of the buffer (‘‘desalting’’) will be required. 


A second aspect of prep LC separation is illustrated in Fig, 13.2, for the 


separation of a crude product from its impurities. When analysis is the goal, 
baseline resolution of all the bands i in the sample is usually desirable. The 


R,->—+5 for-each-pair—-of-bands—in the 
chromatogram and i is therefore suitable for the analysis of this sample. How- 
ever, if the conditions of Fig. 13.2a are used for the recovery of purified 


product (large band eluting at 12.2 min), the weight of sample that can be 
separated in each run will be quite limited. As sample size is increased 
(> 25 yg), the product band will broaden and quickly overlap the adjacent 


impurity bands. The separation of Fig. 13.26, on the other hand, provides 
poor resolution of impurity bands eluting at 7 to 9 min but much better 
resolution of the product band from adjacent impurities (larger values of a). 


A much larger sample can be injected in the separation of Fig. 13.26 for 
recovery of purified product. The separation of Fig. 13.26 is poorly suited for 


this sample, but_it-is well designed _for_the_purification-of this 


product by prep LC. 
A third consideration for prep LC is the solubility of the sample in the 


mobite phase: 
an analytical method, solubility is often a major factor in prep LC, because 
it is desirable to inject a large weight of sample dissolved in a relatively 


small volume of mobile phase. For organic-soluble compounds, normal-phase 
chromatography usually will be preferred. Sample solubility is discussed fur- 
ther in Section 13.3.1. 


A final consideration in prep LC is the relative importance of N and a. As 
sample size is increased to the point of column overload and sample band- 


widths begin to increase (as in Figs. 2.13 and 2.15), the column plate number 


(as measured by bandwidth) becomes more a function of sample size than of 
column conditions (column length, flow rate, particle size). As a result, it is 


often-advantageous_in-_prep-LC_to-use_larger_particles-and -higher_flow-rates 


than is the case for analytical separations, because a high column plate number 
is no longer required. Large values of a are extremely advantageous in prep 


LC because they allow much targer sample weights. 
Method development for a preparative HPLC method should be carried 
out in the same general way as for an analytical procedure (Chapters 6 to 9, 


11, 12), by adjusting conditions for optimum k, a, and (less important, but 
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significant) N for the product band (as in Fig. 13.2b). As indicated above, 
normal-phase (rather than reversed-phase) HPLC will often be a good starting 


point. If normal-phase conditions are used, unmodified silica is the preferred 


column packing. Larger (more expensive) columns are often required for 
preparative separation, and silica is less expensive than polar-bonded-phase 


packings such as cyano or diol. Using silica, there is also no loss of bonded 
phase to contaminate collected product fractions (however, silica is somewhat 
soluble in aqueous mobile phases when the mobile phase pH > 6). 


13.2.2 Effect of Sample Size: Touching-Band Separation 


After suitable HPLC conditions have been selected for a prep LC separation 
(as in Fig. 13.2b), it is desirable to inject a sample that is large enough 


to maximize the amount of purified product recovered from each run. For 
laboratory-scale prep LC, it is preferable to work under lightly overloaded 
or touching-band conditions, as in Fig. 13.1b. Such separations have several 


—~~~ ~ advantages: 
- Convenient recovery of highly purified (99%+) product 


- Nearly complete recovery (95%+) of purified product 
+ Simple separation procedures; no need to analyze fractions for pooling 
of purified product (as in the overlapping-band separation of Fig. 13.1c) 


- Easy development of a touching-band separation 


Fhe i j max. 
band separation is usually determined by trial and error. For the first experi- 
ment, a sample weight equal to Wmax can be estimated from the chromatogram 


obtained for injection of asmaltweight of sample {< 10 ug) The maximum 
sample weight is a function of the separation factor œ for the product band 
and the closest impurity band (Table 13.2). If this separation factor œ is 


increased by a suitable choice of conditions, the value of Wmax increases rapidly. 
For example, with an analytical column (25 x 0.46 cm) and œ = 1.05, 
=~ 30 ug of product can be injected for touching-band separation. If a = 3, 


=~ 6 mg of product can be injected (2000-fold larger sample). The importance 
of large values of a in prep LC is another reason for preferring normal-phase 
separation, because large changes in selectivity are more readily obtainable 


compared to reversed-phase HPLC (Section 6.6). 
Table 13.2 also illustrates some other features of prep LC separation. First, 
the required plate number N for these separations depends on values of a 


and k for the product band (as is the case for analytical separation, Eq. 2.3). 


FIGURE 13.2 Hypothetical separations suitable for (a) analysis and (b) preparative 
separation of a crude product. See the text for details. 
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TABLE 13.2 Optimum Values of N and Sample Weight w as a Function of 
Selectivity a and Retention k* for Touching-Band Separation’ 


Sample Weight (mg) 


N 25-cm Column 
a k=05 k=1.0 k = 3.0 0.46 cm ID 1 in. OD 4 in. OD 
1.05 180,000 81,000 37,000 0.03 0.6 10 
1.10 46,000 21,000 10,000 0.09 2 30 
1.20 12,000 6,000 2,800 0.3 6 100 
1.50 2,400 1,200 650 1.3 27 400 
2.0 800 430 260 3 60 1000 


3.0 300 190 130 6 130 2000 


Source: Ref. 1. 


a Value of k refers to product band or largest of two bands to be separated. 
? See the text and Fig. 13.1 for details. 
5 Values shown are for Po separation, pei that the agai and adia Seni 


fold Breater than that of the impunity: the maximum samples size can be increased approximately 
x-fold [or decreased (1/x)-foid]. 


An increase in a (by selection of appropriate HPLC conditions) not only 
lowers 


the column plate number that is required [e.g., N = 130 for a = 3 and k = 
3 (Table 13.2)}. Smaller values of N (larger particles, higher flow rates) reduce 


uct). Shorter run times also favor an increased recovery of the product, since 
less time in the column is allowed for possible degradation of the product 


during z 
A second consideration related to Table 13.2 is the choice of k for the 
E band: Larger i values PaE more solvent to g produre gach ei of 


LC, so that smaller values of k (other factors Ha are prelerred. Table 13. 2 
provides a means of evaluating the advantage of smaller values of k vs. the 


targer plate 


The data of Table 13.2 are intended as approximate guidelines. The use 
of larger values of N allows somewhat larger sample weights to be injected; 


lower values of N may require much smaller sample weights. Prep LC separa- 
tions are often carried out at lower pressures (e.g., < 1000 psi) than are 
analytical separations, especially if larger particles and wider-diameter col- 


umns are used. However, higher pressures (with higher flow rates and/or 
longer columns) can achieve increased amounts of purified product per hour. 


13.2.3 Optimizing Conditions for Preparative HPLC 


The following steps provide a systematic approach to acceptable conditions 


for touching-band prep LC separation [1,2], which is usually the preferred 
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approach for the recovery of less than a gram of purified material. An example 
will be used to illustrate its application. 


sTEP 1. For most samples, select either a normal- or reversed-phase method. 
Organic-soluble samples favor the use of normal-phase HPLC with a silica 


column. Separations on silica can also be monitored easily by analyzing product 
fractions with thin-layer chromatography f3]. 


STEP 2. Select an analytical-scale column (e.g., 25 X 0.46 cm). For reversed- 
phase separations, choose the packing type that would be appropriate for an 


, anon-acidic Cg or Cyg packing). 
If the separation is likely to be scaled up to a larger column diameter, it is 
recommended that the packing used in both the initial and final columns be 


identical. Some column suppliers are willing to supply columns of different 
diameter packed with material from the same batch. 


STEP 3. Carry out method development in the same way as for an analytical 
separation (Chapters 6 to 9, 11, 12), optimizing both solvent strength and 


selectivity (k < 2 for the product band, if 


elution, although step gradients can be useful for removing late-eluting impuri- 
ties from the column. In prep LC, keep in mind that good resolution is required 


only for compounds that it is necessary to recover in purified form (Fig. 13.2). 


Also, there is a large advantage to maximizing selectivity for the product 
(a > 1.5 if possible). Therefore, the study of additional separation conditions 


In this example, steps 1 to 3 resulted in the reversed-phase separation of 
Fig. 13.3a. These two xanthines are more than baseline resolved with N = 


5400, an average value of k = 4, and @ = 1.20, in a run time of 16 min. 


STEP 4. Once conditions have been selected for the small-sample run as in 


Fig. 13.3a (1 ug), a larger sample can be injected for touching-band separation. 
Table 13.2 provides information relating to further experiments for this separa- 
tion where œ = 1.20. The recommended sample size is 0.3 mg of product; 


since the sample is a 50/50 mixture of two compounds, this means 0.6 mg of 
total sample. The recommended plate number from Table 13.2 is about 2500 
(AN_=-2800_for_k_=—3).-The_next-step_is_to_adjust_the_actual_plate_number 


(N = 5400) closer to the recommended value, although this is less important. 
The flow rate for the separation of Fig. 13.3a is 1.0 mL/min and the pressure 


is 500-psi- Fherefore,an_increase_in flow tateis possible, which-will shorten 


run time and bring the plate number closer to the target value of N = 2500. 
A flow rate of 3.4 mL/min was found to give N = 2600 and a pressure of 


~~ 1700 psi. Figure 13:35 shows the separation of a t-~g sample at 3.4 mL/min. 
The separation of a 0.6-mg sample (same conditions as in Fig. 13.3b was 
somewhat poorer than expected, so the sample size was reduced to 0.5 mg, 


as shown in Fig. 13.3c. The latter separation is close to the desired result 
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12 14 16 3 4 
Time (min) 
(a) (b) 
a WR Tene 3 4 5$ 
Time (min) 
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FIGURE 13.3 Example of systematic method development of a preparative HPLC 
separation. Sample: theophylline (TP) and 3-a-hydroxyethyltheophilline (HET). 
(a) Initial, small-sample (1-ug) separation; 25 X 0.46-cm 10-um Cig column; 15% 


methanol/water mobile phase; 1.0 mL/min; ambient; (b) same as (a), except 
3.4 mL/min; (c) same as (b), except 0.50-mg sample (0.25-mg TP and HET); (d ) same 
as (c), except 1-in.-diameter column, 72 mL/min and 5.3-mg sample. (Reprinted with 


~~~ permission from Ref. t) 


(touching bands), so no further changes in conditions were made with the 
small-diameter (0.46-cm) column. At this stage of method development, sam- 
ple solubility is often limiting. The first priority is to increase the volume of 


the sample as much as possible (Eq. 13.1). If this is insufficient to dis- 
solve the desired sample weight, other means must be explored (Section 
13.3.1). 
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STEP 5. The final step in prep LC method development is to increase the 
amount of sample that can be separated in each run by increasing the column 


and column length should be used for the small- and large-diameter columns. 
Sample size (weight and volume) and flow rate should be changed in propor- 


tion to the weight of column packing, equal to a factor of (dydi); dy and dz 
are the internal diameters of the first (small-diameter) and second (large- 
diameter) columns. The same separation will then be achieved on the large- 


diameter column as on the starting column. The product band will elute over 
the same time interval, and the percentage recovery of product of some defined 
purity (e.g., > 99%) will be the same for both columns. 


In the example of Fig. 13.3, a 1-in.-diameter column was used for scale-up 
(2.12-cm ID). The square of the ratio of column diameters is (2.12/0.46) = 21, 


so both flow rate and sample size were increased by this factor: 72 mL/min and 


10.5 mg of sample. The resulting separation is shown in Fig. 13.3d. By repetitive 
WIE on of sample every 5 min, it was saga eat to recover about o0 mg of eadi 


a a larger- diameter column would have been necessary for faster ken of 
purines! pore oe a mater epiimzation of selectivity might have 


e-(Fable43.2). 


13.2.4 Gradient Separations 


As discussed in Section 8.3, when comparable separation conditions are used, 
isocratic and gradient elution give similar resolution of the critical band pair. 


It is only necessary to adjust gradient steepness so that retention in the gradient 
run (k*, Eq. 8.1) is equal to retention in the isocratic run (k) for the critical 
band pair. This similarity of gradient and isocratic elution exists for prep LC 


separation as well. The main visual difference for isocratic vs. gradient elution 
as sample weight increases is in peak shape. Isocratic separation yields right- 
triangle shaped bands under column-overload conditions, whereas gradient 


elution results in ‘‘shark-fin”-shaped bands. This is illustrated in Fig. 13.4a 
for a series of superimposed bands from the injection of different sample sizes 


in gradient elution. Figure 13.4a can be compared with the isocratic curves 


of Fig. 2.14. 
Figure 13.4 illustrates the similarity of isocratic and gradient elution for 
the column-overloaded separation of the xanthine sample of Fig. 2.15. Each 


example of Fig. 13.4b corresponds to three superimposed separations (injec- 
tions of each xanthine and the mixture), see the related discussion of Fig. 


215, 
(e.g., 1.0 mg each for the chromatograms at the left, 2.5 and 25 mg, respectively, 
at the right). Isocratic separations are shown above and gradient separations 


below in Fig. 13.4b. A comparison of these various experiments shows essen- 
tially the same resolution and recovery of purified product by either isocratic 
or gradient elution, when other conditions are the same and k = k*. Because 


isocratic 
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of this similarity of prep LC separation under either isocratic or gradient 
conditions, Table 13.2 and the approach described in Section 13.2.3 for isocratic 


prep-LC method development-can-also-be-used_for gradient elution. Seethe 
related discussion of Chapter 8 for the development of the initial small-sample 
separation as in Fig. 13.1a, then proceed exactly as described in steps 4 and 


Sof Section 13.2.3. 


13:2:5— Trace Recovery 


The preceding discussion assumes that the purified compound(s) to be recov- 


ered is present in the sample in relatively high concentration (e.g., prep LC 


separation of an 80 to 90% pure product). When one or more minor compo- 
nents are to Re isolated kom a sapi in een quantities, it can be 


is overloaded beyond the point of SuChin: band ce For Senile. 
assume that band X of Fig. 13.1 is to be isolated and purified. A large sample 


is injected, resulting in the separation of Fig. 13.1c. All fractions that contain 
X are collected and pooled, which results in the enrichment of compound X 
relative to Y. A much larger weight of this X-enriched fraction can then be 


, 


of compound Y has been eliminated from the sample. 
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The selection of HPLC conditions and sample size for a prep LC method is 
governed by additional considerations beyond those summarized in Section 


13.2 and earlier chapters. The final method-will-usually be-a-compromise 
among several factors. 


13.3.1 Sample Solubility 


Apart from achieving maximum selectivity, sample solubility is often the major 


challenge in developing a preparative HPLC method. In many cases, the 
sample will not be sufficiently soluble in the mobile phase to permit dissolution 
of the desired sample weight in a solvent volume that can be accommodated 


by the column. A maximum sample volume Vmax can be estimated as follows 
([2,6], assuming that the sample solvent and mobile phase are the same): 


FIGURE 13.4 Effects of column overload in gradient elution. (a) Computer simula- 


tions of peak shape as a function of increasing sample mass. (Reprinted with permission 
from Ref. 4.) (6) Similar effects of column overload for isocratic and gradient elution. 
(From Ref. 5.) See the text for details. 
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Vmax = O.5F(t — th) (13.1) 


Here Vmax is in mL, F is flow rate (mL/min), and ^ and fh are the retention 
times (min) of the product peak and the closest adjacent impurity peak for 
a small sample (<10 yg). Note that a simple increase in flow rate does not 


affect Vmax Since retention times ¢, and t, are inversely proportional to F. 
A sample volume larger than Vmax will result in increased band overlap, 
necessitating a smaller weight of injected sample. 


If the largest possible sample volume (V max) does not dissolve enough sample 
to give touching bands, the next alternative is to explore the use of a sample 


solvent that is different from the mobile phase. In the case of ionic samples, a 


change in pH or ionic strength of the sample solvent may result in a greater 
a ey. For norna ess separation: thei use of higher concentra- 


out chanpin’ solvent strength [71 For ae assume that the mobile phase 
consists of 4% methyl-t-buty! ether (MTBE)-hexane. Figure 6.23 indicates that 


a-mobile-phase-of 60%-CH2€l,—hexane-has the-same-elution strength-as-4% 
MTBE and could be used as the sample solvent with the same value of Vmax- 
Because of the higher concentration of the B-solvent (CH2C1,) in this new sam- 


An increase in temperature of both the injected sample and column is often 
effective in increasing sample solubility. Additives such as ion-pair reagents 


or surfactants also can sometimes be used to enhance solubility. Whenever 
the composition of the sample solvent and mobile phase are different in prep 
LC, care must be taken to avoid conditions that might result in precipitation 


of the sample in the column during separation. This can be extremely inconve- 
nient, although it is an ever-present possibility whenever poorly soluble sam- 


ples are separated by preparative HPLC. For further information on sample 
solubility, see Ref. 8. 


13.3.2 Equipment Requirements 


Preparative separations usually require larger diameter columns, higher flow 


rates, and larger sample volumes than for analytical HPLC. In addition, the 


peaks leaving the column can overload the detector because of their much 
higher concentrations. For details on columns and equipment for preparative 


HPLC, see Refs. 9 to 12. 


13.4 
HPLC SEPARATION 


The preceding discussion of prep LC separation is based on a well-developed 
theory of touching-band separation [2,6]. This theory can provide further 
insight into the various factors that affect prep LC separation. 
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13.4.1 General Relationships 


Lightly overloaded separations behave as if the various sample bands migrate 


through the column independently of each other, even though each compound 
may overload the column as in Figs. 2.14 and 2.15. For sample sizes large 
enough to affect peak width and shape, peak shape can be approximated by 


a right triangle that begins at tg for a small-sample peak and extends toward 
to; this is illustrated in Fig. 13.5 and is predicted by theory [6]. The baseline 
width W of the band then determines its separation from adjacent peaks. This 


bandwidth W for an overloaded separation can be related to sample weight 
and experimental conditions as follows for isocratic elution [2,6]: 


W? = W2 + WA = ga + k} + 613k? s (13.2) 


{column effect) (sample-weight effect) 


is affected by two separate contribu- 
tions: Wo represents the bandwidth for a small sample (see Eq. 2.12); Win 
describes the increase in bandwidth as a result of a larger sample weight. Here 


Nand k are the plate number and capacity factor, respectively, for-a-smalt 
sample; fo is the column dead time, w the weight of compound injected, and 
w, the saturation capacity of the column (maximum possible uptake of sample 


by the column). For small sample weights, bandwidth is determined by K, N, 
and the column dead time tọ; for large sample weights, bandwidth is determined 
mainly by k, tọ, and the sample weight. These relationships have important 


consequences for prep LC method development. Both terms of Eq. 13.2 


t 


7“ 


FIGURE 13.5 Representation of a peak in column overload as a right triangle. See 
the text for discussion. 
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increase with fp and k in similar fashion. However, sample weight replaces N 
as the main determinant of bandwidth for large samples. Therefore, bandwidth 


and separation are not much affected by N when the sample weight is large. 
Equation 13.2 allows the derivation of simple relationships that provide 
important insights into the principles of preparative HPLC. The weight of 


product that just results in touching bands is given as [2] 


way, (#21) 033 


Q 


Fhis-equation-can-be-used-to-estimate-the-optimum-sample-weight-for—a 
particular separation (touching bands). More important, it emphasizes the 
importance of selectivity a and column capacity w, in preparative HPLC. 


Usually, it is desirable to maximize sample size and sample throughput to 
minimize work and the need for large, expensive columns. According to Eq. 
13.3, sample size increases with a as seen in Table 13.2. Analytical separations 


usually only require œ > 1.1 for all peaks of interest, but preparative separa- 
tions benefit strongly when a for the product peak is as large as possible. The 
guidelines of Chapters 6 and 7 (regular samples) and 11 and 12 (special 


samples) will often lead to conditions that provide large a values (a > 1.5) 
for the product peak and adjacent impurities in the chromatogram. 
Equation 13.3 also calls attention to the importance of column capacity w, 


(Section 13.4.2). The larger w, is, the larger is the weight of sample that can 
be charged to the column. This effect favors the use of smaller- -pore higher- 
surface-area 


sample, and experimental conditions by means of Eq. 13.2. Two separations 
are carried out, one with a small sample (10 ug) and one with a sample large 


enough _to—cause—appreciable_broadening of the-product-peak._The-small- 
sample run provides values of N and k, and the width W of the product band 
in the large-sample run, then allows the determination of w,. A less exact 


value of w, can be obtained from 


w,(mg) = 0.4(column surface area, m°) (13.4) 


See also the discussion in Section 13.4.2. 
There will be an optimum value of the small-sample plate number N for 


every touching-band separation. This can be derived as [2]: 


+k a 
nove a4) (25) ws 


As k or a increases, the required plate number Nop for touching-band separa- 
tion decreases (Table 13.2). When selectivity œ is maximized, there are two 
major benefits: A larger sample can be injected, and a smaller plate number 
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is required. Smaller plate numbers can be traded for shorter run times, using 
faster flow rates and columns packed with larger particles. 


13.4.2 Column Saturation Capacity 


The effect of sample weight on peak width (Eq. 13.3) is related to the saturation 
capacity of the column w,. The larger w, is, the larger is the sample weight 


that can be injected for a given peak width and degree of separation. Column 


capacity w, in reversed- or normal-phase HPLC can be approximated in many 
cases Pe by Eq. 13.4. ror Paro SaaS of column packing, surface area varies 
000 


tions is usually have pore diameters of 8 to 12 nm and surface areas of 100 t to 
300 m?/g, corresponding to 350 to 1000 m? for a 25 x 0.46-cm column. The 


—————— expected -capacity-w, for-such-a-column_is therefore 150-to 400 -mg._Wider- 


pore columns are required for the separation of large biomolecules (Chapter 
11), which can mean smaller column capacities w,. 


Column capacity varies somewhat with sample type [13,14]. When ionized 
samples are separated by reversed-phase HPLC, a repulsion between sample 
molecules in the stationary phase can lower capacity by a factor of as much 


as 10. If cationic samples are retained primarily by interaction with silanol 
groups in a reversed-phase packing (Section 7.3.3.2), column capacity may be 
only a few percent of that predicted by Eq. 13.5, because the concentration 


of accessible silanols can be quite small. When the observed column capacity 
w, is less than one-fourth of the value predicted by Eq. 13.4, preparative 
separations are severely compromised. It is then important to change separa- 


tion conditions so as to minimize sample ionization and silanol effects (Sections 
5.2.1, 7.2, and 7.3.3.2). 


13.4.3 Gradient Elution Separations 


The effect of a larger sample weight on peak width W is similar for both 
isocratic and gradient elution [4] and for gradient elution is given by: 


WwW = Ws + Wren 
z Sga +0.5k*)? © 0, ok? = 
(column effect) (sample-weight effect) (13.6) 


Both Wọ and W,, increase with f and the effective retention factor k* (Eq. 
8.1); Wo varies inversely with N!?, while W,, increases with (w/w,)!”. This is 


the same behavior as that predicted by Eq. 13.2 for isocratic separations. The 
similarity of isocratic and gradient elution under column-overload conditions 
is shown further in Fig. 13.4. 
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13.4.4 Heavily Overloaded Separation 


Under lightly overloaded conditions, the retention time and width of a peak 


are not affected by the presence of other compounds in the sample. An 
increase in sample weight beyond a certain point leads toa change in this 


—— situation, as scen in Fig. 13.6. Two i 


and tag-along [15]) of heavily overloaded separation can be recognized in Fig. 
13.6 for the separation of two samples as a aruon or sample weight, m 


first-sample_(Fig.13.6a)_is-comp : f 
B, while the second sample (Fig. 13. 6b) i is ae A of cary: eluline 
rues A (the two effects of heavily overloaded separation are best seen 


when-a-sample-is-enriched_in-one-component_or_the-other-and-o_is-smalb), 
The relative weights of A and B in the sample are indicated for each chromato- 
gram in Fig. 13.6. 


For the sample of Fig. _13.6a, peak Bi 
sample size, as predicted by Eq. 13.2. Because the concentration of peak A 
is much smaller, its width is expected to grow more slowly for larger samples. 


However, the width of peak A actually decreases as the sample weight in- 
creases. This sharpening of peak A coincides with the partial overlap of the 
two peaks. Peak B is said to displace peak A, and this effect is referred to as 


sample displacement (to distinguish it from displacement chromatography 
[16]). Sample displacement here and in Fig. 2.15 leads to improved separation 
compared to that predicted from the separate elution of A and B, because 


the later-eluting peak B causes the retention of the early-eluting peak A to 
decrease so as to increase the distance between the two peaks. The compres- 
sion of peak A by B contributes to this better separation. 


In the separation of the sample of Fig. 13.6, the small amount of B present 
in the sample should also lead to little change in its peak width as sample 


weight is increased initially. Consequently, the separation of peaks A and B 
is expected not to be affected much by sample size. For a sample weight above 
5 g, however, the presence of a larger weight of compound B tends to pull 


peak_B_toward_peak_A, resulting ina- broadening of peak B_with_a_tlower 
recovery of pure A or B. This is referred to as the tag-along effect [15], which 
gistsrts the oee SE B in such a way as to worsen K 


for cases A and B. That i is, whether the ire band elutes first or last i is nol 
of great importance in affecting the yield of pure product. This can be seen 


better from the data of Table 13.3. The recovery of pure product is always 
greater for the compound present in larger concentration. The maximum 
sample weights of Table 13.2 for touching-band separation assume that the 


product and adjacent impurity bands are present in the sample in comparable 
concentrations. Often, the product will be present in higher concentrations, 
so that proportionately larger sample weights then can be injected for 95+ % 


recovery of 99%-pure product. 
The effects of heavily overloaded separation illustrated in Fig. 13.6 (dis- 
placement and tag-along) are of importance mainly for preparative HPLC 
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FIGURE 13.6 Computer simulations for mass-overloaded separation of a two- 
component mixture (assumes Langmuir isotherms). Conditions: N = 800, k values of 


1.0 (compound A) and 1.5 (compound B), weights of A and B indicated in figure. 
Column: 25 x 5-cm, 7-um particles; 210 mL/min. (Data are courtesy of G. Cox, 


Prochrom R&D.) 
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TABLE 13.3 Recovery of 99%-Pure Product from Separations of Fig. 13.6" 


Sample Weights (g) Recovery of Pure Product 
A B A B 
0.5 5 97 100 
5 0.5 100 97 
1 10 87 100 
10 1 99 82 
2 20 41 78 
20 2 87 50 


separation on a pilot-plant or process scale. This book is concerned primarily 
with separations (analytical or preparative) carried out on a laboratory scale 
with smaller samples (touching-band separation). For a further discussion of 


heavily overloaded separation under isocratic conditions, see Ref. 17. For a 
similar discussion of heavily overloaded gradient separations, see Refs. 18 
and 19. 


13.4.5 Unusual Isotherm Behavior 


The guidelines offered in this chapter for the development of preparative 
HPLC separations are largely predicated on typical behavior, which assumes 


Langmuir-like isotherms for the product and adjacent impurity bands (Fig. 
2.14). Sometimes, it is found that actual isotherms are markedly different. One 


occasional but important case involves samples whose component isotherms 
“cross” for some sample concentration. As a result, sample retention order 


separate detection of each compound in this mixture. Values of N and k 


were similar and values of a were identical (œ = 1.12) for the small-sample 


separations (Fig. 13.7c and d ), so similar separations would be expected for 
comparable larger sample sizes. In Fig. 13.7a, for a more typical isotherm 


~~~ behavior, there is almost no overlap of the two peaks for a sample consisting 
of 1 mg of phenol (P) plus 3 mg of benzyl alcohol (BA). In Fig. 13.76, for 
isotherms that cross, there is almost complete overlap of this sample that 


consists of 1 mg of p-cresol (C) plus 3 mg of 2-phenylethanol (PE). In other 
cases, peak shape may differ from the examples of Section 2.4 as sample size 
is increased (e.g., peaks for larger samples may front instead of tail). Whenever 


abnormal band behavior is encountered, method development for preparative 
HPLC becomes less predictable and more trial-and-error experimentation 
will be required. 
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FIGURE 13.7 Example of anomalous isotherm behavior. Conditions: 15 x 0.46-cm, 
5-~m Cg column; methanol-water mobile phases; 1.0 mL/min. (a) 1 mg of phenol (P) 


and 3 mg of benzyl alcohol (BA); 30% B; (b) 3 mg of 2-phenylethanol (PE) and 1 mg 
of p-cresol (C), 35% B; (c) same as (a), except 10-ug sample; (d } same as (b), except 
10-ug sample. (Reprinted with permission from Ref. 14.) 
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13.5 SUMMARY AND EXAMPLE OF METHOD DEVELOPMENT 
FOR PREPARATIVE HPLC 


Method development for prep LC depends on the intended scale of the 
separation: < mg, mg-g, g-kg, or process scale. As the required weight of 


purified product increases, it is worthwhile to invest more time in method 
development so as to increase the grams per hour of pure product that can 


be produced with a column of some given size. This is analogous to spending 
more time on an analytical method in order to shorten run time while pre- 
serving acceptable resolution (R, > 1.5). In either case (increasing sample 

i or decreasing run time), an increase œ is very effective (see Ta- 


ble 13.2). 
As an example of how to approach prep LC method development, sample 
B_of-Section—9,3.1.2 will _be—used._Prep_LC often_starts_with_a_previously 


developed analytical HPLC procedure. Figure 13.8a shows the analytical sepa- 
ration of sample B from Fig. 9.4 (49% ACN, 25 x 0.46 cm column, 


+0-mE/min)._The-product-peak—(band-}) is _barely_resolved-from_band-4: 
R, = 13, k = 1.3, a = 1.1. However, as much as 25 ug of product can 
be recovered by injecting a sufficiently large sample (0.46-cm-ID column, 


regardless of column tength (20]). A sample this small normally will not affect 
retention times or resolution. For sample B the product comprises 60% of the 
sample, so 25/0.6 = 42 ug of sample could be injected without affecting the 


appearance of the chromatogram. If 25 wg of pure product is sufficient, one 
prep LC run under these (analytical) conditions would be recommended. The 
quantity of pure product recovered can be increased further by repeated 


42-ug injections with collection and pooling of the product peak. 
The easiest way to improve an analytical separation for purposes of prep 


LC is to reoptimize solvent strength (% B). The separation of Fig. 13.8a was 
developed for the best resolution of the total sample, whereas in prep LC it 
is only necessary to maximize the resolution of the product from adjacent 


—___impurity_bands_(see Fig._13.2).In_most_cases 
resolution will have been studied as part of analytical method development, 
so few (if any) additional experiments would be required to improve the prep 


LC separation in this way. The best sample 
B is achieved by a change from 49% ACN (R, = 1.3) to 54% ACN (Fig. 


13.85). This results in a slight improvement in resolution (R, = 1.4) and a 


shortening of run time from tt min to 8 min. This approach has the further 
advantage of reducing the amount of solvent used in each run, which will be 
increasingly important during scale-up of the separation (see below). 


When more than about 100 yg of pure product is needed, it is advisable 
to investigate a larger sample injection. Table 13.2 can be used to guide 
experiments of this kind. For the separation of product in Fig. 13.85, a = 1.1, 


= 0.9, and N = 16,000. According to Table 13.2, the maximum weight of 
injected product for touching-band separation is 90 wg (90/0.60 = 150 ug of 
sample). Because the closest impurity band (4) is only 9% of the sample (ratio 


Time (min) 


(a) 


Time (min) 
(b) 


Time (min) 
(c) 


Time (min) 


(d) 


~~~ FIGURE 13.8 Example of preparative HPLC method development. Sample B of 
Section 9.3.1.2. Conditions the same (25 XxX 0.46-cm, 5S-um Cg column) except as 
noted. (a) 49% ACN—water; (b) 54% ACN—water; (c) 18% ACN-37% MeOH-water; 


(d}-same—as_{c),_except 56>0.46-em, t0-um Es column, _2.9-mL/min—(€Computer 
simulations based on data of Ref. 21.) 
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of band 4/band 2 = 9/60 = 1/7), this maximum sample size can be increased 
by as much as sevenfold, or ~ 1 mg. The first experiment with a larger sample 


should use a sample weight that is half as targe (0.5 mg), following which the 


sample weight can be adjusted up or down, depending on the relative overlap 
of bands 2 and 4 in the latter run. 


Assuming that a I-mg sample results in touching-band separation, pure 
product in greater than 95% recovery can be obtained by collecting this sample 
band in repetitive separations. In this way, 5 to 10 mg of purified product can 


be obtained conveniently. If much larger amounts of product are required 
(e.g., 0.1 to 1 g), it is necessary to improve selectivity before proceeding 
further. A larger-diameter column could also be used, but usually this choice 


should be deferred until different options for varying a have been explored. 
A further change in selectivity for this sample was investigated using the 


ACN, a change from acetonitrile to methanol is the logical next choice. Unfor- 
tunately, there is no mixture of methanol and water that gives a separation 
as-good_as that of Fig. 13.8b. However, the critical band pair (for the product 


and closest impurity band) is different for MeOH vs. ACN as organic solvent 
(1/4 in Fig. 13.85, 54% ACN; 1/2 for the best methanol-water mobile phase: 


© > s z a > 
is likely to give an even better separation. This proved to be the case, as 
shown in Fig. 13.8c for 18% ACN-37% MeOH-water (œ = 1.2). Table 13.2 


predicts that touching-band separation can be achieved for 0.3 mg of com- 
pound 1 (0.5 mg of sample) for the case of equal concentrations of product 
and bands 2 and 4. The actual concentration ratio is about 7, so a sample 


weight of about 3.5 mg (2 mg of product) can be injected. 
Once the ability to inject ~3.5 mg of sample onto the 25 X 0.46-cm column 
has been confirmed experimentally, it is possible to calculate how much sample 


can be purified with a larger-diameter column and what flow rates will be 
required. In the present case, initial separations were carried out on a 5-um- 
particle column. Columns of larger diameter_usually are available only with 


larger particles (e.g., 7-~m or larger). For the present separation, we assume 
that columns of 10- -um particles will be used. According to Table 13.2, the 
(k= 13, a = 1.2) is about- 6000 plates. This-can-be 


achieved with a 50 x 0.46-cm column operated at 2.9 mL/min (1400 psi). This 
separation is shown in Fig. 13.8d. Table 13.4 summarizes sample weights and 


flow-rates-for-columns-of-various-diameters,_based-on-the-seale-up-of the 
separation of Fig. 13.8d. Note that the increase in column length from 25 cm 
to 50 cm results in a twofold increase in column capacity (from 3.5 to 7 mg 


for the 0.46-cm column), other factors being equal. 


Columns as large as 0.9-cm ID (0.5 in., OD) can be used conveniently with 
equipment intended for analytical HPLC. The usual HPLC systems allow flow 


rates as high as 10 mL/min and are well suited for columns this large. If larger- 
diameter columns are used, either prep pump heads must be purchased (flows 
to 50 mL/min) or a system designed for prep LC must be used. The scale-up 


13.5 SUMMARY OF METHOD DEVELOPMENT FOR PREPARATIVE HPLC 639 


TABLE 13.4 Estimated Sample Weight and Flow Rate for the Preparative 
Separation of Sample B° 


Maximum Sample Volume Flow Rate 


Column Diameter? Sample Weight (mL) (mL/min) 
0.46-cm 7mg 0.6 2.9 
0.9 cm 25 mg 2.3 11 

1 in. 150 mg 14 61 

2 in. 600 mg 56 240 

4 in. 2.5 g 225 960 


a See the text and Fig. 13.8 for details. Conditions: 50-cm, 10-4m Cg column; 18% ACN-37% 


MeOQH=water mobile phase, 35°C. 
> Outer diameter for 1-in. and larger columns. 


of the separation of Fig. 13.8d for a 0.9-cm-ID column would allow about 
15 mg of pure product to be recovered from each 10-min run, corresponding 


to about 90 mg of product in a 1-h period (six runs). 
The maximum sample volume for the separations of Table 13.4 can be 


times for bands 1 and 2 is 0.41 min. For a flow rate of 2.9 mL/min, the maximum 
sample volume therefore is 0.5 X 2.9 X 0.41 = 0.6 mL. It is necessary to 


—_——-determine-ifthis-volume-of-mobile-phase-can-dissolve-the-7_mg_of sample 
that will provide touching-band separation. If this is not the case, Section 
13.3.1 should be consulted. 


If much larger amounts of purified product are required than can be ob- 
tained conveniently from a 0.9-cm column, a prep LC system will be needed. 
In the present example, not much effort has been invested so far in optimizing 


selectivity, so a few further experiments that vary a might be considered before 
scale-up of the column beyond 0.9 cm ID. Also, the separations described so 
far assume touching-band conditions. Sample weights can be increased further 


with band overlap as in Fig. 13.1c, but this requires collection and analysis of 
several fractions from the product band (extra work!). However, the quantity 
of pure product recovered can be increased by twofold or greater in this way. 


Using a 4-in.-OD column, this would correspond to 3+ g of product per run, 
or 30+ g of product in a 2-h period (10 runs). Two hours of continuous 


—________separation-would_also-consume-_about120-L of mobile phase,which_-must-be 


kept in mind as part of the cost of product purification. Similarly, the product 
will be contained in a volume that is about twice the maximum sample volume 


(see-Eq.-13.2), which for the latter-example-(yieldi 


represents 2.2 L of solvent that must be removed from the purified product. 
The use of Table 13.2 and other relationships discussed in this chapter can 


provide rough estimates of what will be required when a small-scale prep LC 
separation is converted to a larger scale that involves longer, wider columns 
and/or different column-packing particle sizes (therefore different values of 
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N). It is advisable to carry out such a ‘‘paper analysis,” followed by confirming 
experiments on a small scale, prior to the actual purchase and use of very 


large columns and the associated HPLC equipment. 


13.5.1 Process-Scale HPLC Separations [22] 


This chapter is not intended as a detailed guide for the design of process-scale 


produce relatively small amounts of purified material may suddenly require 
a rapid conversion for use on a much larger scale. This might be the case 


whena , 
and large amounts of material are required for large-scale testing or early 
deliveries to customers. For this reason it is worth keeping in mind some of 


the requirements for process-scale HPLC separation. 


- Plate igher than suggested by Table 13.2 are often used. The 


reason is that larger values of N allow somewhat larger sample weights, 
which reduces the volume of solvent required per gram of purified product 


{solvent - 


- Maximum sample weights are almost always used in sample overload, 
rather than touching-band separation; this also reduces solvent (and 


other) costs. 


- Solvents that are unfeasible for use in production (because of cost, toxicity, 
difficult disposal, etc.) should be avoided from the start. 


+ The only packing materials that should be used in method development 
are those which are also available in sufficiently large quantities for the 


final HPLC process. 


+ Several batches of a given packing material should be evaluated before 
making a final decision to use that packing material. 


- Solvents are usually recovered (sometimes burned) to minimize costs of 
replacement and disposal. 


- Reversed-phase separation may be cheaper than norma!-phase operation. 
Normal-phase solvents are usually more expensive. Also, membranes can 
be used to purify water—organic mixtures. 


-Columns of special design are required for diameters >>5 cm, to ensure 


bed stability and avoid column rupture at high pressures. 


Many other considerations arise when moving from laboratory-scale to 
pilot plant- or process-scale application. Among others, there is increasing 
concern for process safety, due to the use of staff having less technical training. 


Automation of all parts of the process also becomes more and more important. 
Finally, HPLC is by itself an expensive procedure on a process scale. Therefore, 
it is often useful to combine HPLC separation with other, less expensive 
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purification steps so as to reduce the overall cost of operation. For some 


ex 


amples of method development for process-scale HPLC, see Refs. 23 and 24. 
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QUANTITATION (INCLUDING 
TRACE ANALYSIS) 


14.1 Introduction 


14.1.1 Accuracy, Precision, and Linearity 
14.1.2 Limits of Detection and Quantitation 
14.2 Measurement of Signals 


14.2.1 Noise 
14.2.2 Peak Height 
14.2.3 Peak Area 


14.2.4 Peak Height vs. Peak Area for Quantitation 


14.3 Quantitation Methods 
14.3.1 Normalized Peak Area 


14.3.2 External Standard Calibration 
14.3.3 Internal Standard Calibration 
14.3.4 Method of Standard Addition 


14.4 Sources of Error in Quantitation 
14.4.1 Sampling and Sample Preparation 
14.4.2 Chromatographic Effects 


14.4.3 Data System Effects 


14.5 Trace Analysis 
14.5.1 Sample Preparation 


14.5.2 Column Resolution 
14.5.3 Sample Injection 
14.5.4 Detection 


14.5.5 Calibration 
14.5.6 General Strategy 


14.1 INTRODUCTION 


One of the strengths of HPLC is that it is an excellent quantitative analytical 
technique. HPLC can be used for the quantitation of the primary or major 
component of a sample (including pure samples), for mixtures of many com- 
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pounds at intermediate concentrations, and for the assessment of trace impu- 
rity concentrations (parts per billion or lower) in a matrix. Properly designed, 


validated, and executed analytical methods should show high levels of both 
accuracy and precision for a main component analysis (+1 to 2% precision 
and accuracies within 2% of actual values). Trace-level quantitation often is 


not as good; however, accuracy within 10% of the true value and precision of 
+10 to 20% at the lowest levels of quantitation are still achievable. 
A critical requirement for a quantitative method is an ability to measure 


a wide range of sample concentrations with a (preferably) linear response for 
each analyte. The UV detector is the most widely used for accurate and precise 
quantitation in HPLC, and many of the examples in this chapter are based 


on UV detection. However, other detectors (see Chapter 3) are available and 
can be appropriate at times. To achieve the best results with an HPLC method, 


tion. In this chapter we deal with these aspects of quantitation, including basic 
measurements of signal, types of calibration methods, sources of error, 


and trace analysis: Further details on these subjects -can be found in Refs. 


1 to 5. 


14.1.1 Accuracy, Precision, and Linearity 


The development of good quantitative HPLC methods requires an under- 


standing of the critical concepts of accuracy, precision, and linearity. Although 
the techniques used to assess each of these for a specific method are described 
more fully in Chapter 15, the basic concepts are described here. 


Accuracy is defined as the closeness of the measured value to the true 
value. The “true value” can be determined by a variety of techniques (Section 
15.2); making accurate measurements in a HPLC method routinely also in- 


volves the use of proper calibration techniques (Section 14.3) and minimizing 
sources of error (Section 14.4). 


Precisi f ' jucibility of multipl fal g 
geneous sample. This can include reproducibility of results using different 
instruments, analysts, sample preparations, laboratories, and so on, obtained 


on-a single day or over multiple-days-Different levels-of precision -are-often 
assessed as part of method validation, and these are described more fully in 
Section 15.3. 


Fhe_tinearity-of-a-method is-a-measure-of-how- well 2 calibration plot-of 


response vs. concentration approximates a straight line, or how well the data 
fit to the linear equation: 


y=mx+b (14.1) 


where y is the response, x the concentration, m the slope, and b the inter- 
cept of a line fit to the data. Ideally, a linear relationship (with b = 0) is pre- 
ferred because it is more precise, easier for calculations, and can be de- 
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fined with fewer standards. Also, UV detector response for a dilute sample 
is ae to es ceo s nw ae be neat (vith b = = 0). Theretore, a lin- 


out the concentration range of interest. In addition, a method that is lin- 
ear (and with b ~ 0) permits a quick, convenient check with one Ussher 


two) points to-confirm calibration—accuracy._If the-calibration-check-val= 
ues show more than a 2ø deviation from values of the original calibration, 
a full recalibration may be required. A linear response with b # 0 or a non- 


linear response may be appropriate for some methods, as described in Sec- 
tion 14.3. 


14.1.2 Limits of Detection and Quantitation 


The minimum detectable amount of analyte [often referred to as the limit of 


detection (LOD)] is the smallest concentration that can be detected reliably. 
The LOD is related to both the signal and the noise of the system and usually 
is defined as a peak whose signal-to-noise (S/N’ ) ratio is at least 3:1. For 


example, Fig. 14.1a shows a typical example where the signal is three times 
the detector noise. Here, the noise (peak to peak) is 10 units, while the signal 
is 30 units, 


The minimum quantitatible amount [often known as the limit of quantitation 
(LOQ)] is the concentration that can be quantitated reliably with a specified 


level-of accuracy-and_ precision. Thetimit of quantitation can- be defined-in 
either of three ways. One method uses a technique similar to that for LOD 
but requires a S/N' ratio of at least 10, as shown in Fig. 14.15. In this case, 


the peak-to-peak noise is 10 units, and the signal is 100 units (measured from 
the midpoint of the noise to the apex of the signal peak). The second method 
is to define a certain level of precision and determine experimentally how 


large a peak needs to be for that level of precision. This can be accomplished 
by injecting sample concentrations that result in various S/N’ values (e.g., 3, 
5, 10, 15, and 20) and determining the precision from multiple injections 


of each sample concentration. A third technique assumes that the baseline 
noise is approximated by a Gaussian distribution with a width of 4 standard- 
deviation units (SD) wide (N’ = 40). As described in Section 3.2.3, measure- 


ment imprecision is affected by baseline noise (one measurement on each 
side of the peak) and signal (peak height measurement), so the effective 
3)2¢ = N'/2. The coefficient of variation (CV) 


at low values of S/N’ (as described in Eq. 3.3) = 50/(S/N' ). Therefore, for a 
S/N' of 5, if ø ~ N'/2, the estimated maximum precision using peak-height 


measurements_would_be_50/S-or +10%.The LOD and-LOQ are described 
further in Section 15.6. 
The third important feature in quantitation is the maximum level of quantita- 


tion, defined-as the-highest concentration that can reliably be-determined 
using the conditions of the method. Often, this is determined by the limit of 
linearity of the detector (i.e., when the detector no longer shows a linear 
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FIGURE 14.1 Signal-to-noise (S/N’) ratio for peak at (a) limit of detection 
(LOD) = 3:1; (b) limit of quantitation (LOQ) = 10:1. 


response with specified increase in concentration). The maximum and mini- 
mum quantitable amounts will define the range of the method (see Section 
15.5 for more discussion), If quantitation of higher concentrations is needed, 


dilution of the sample to bring it into a measurable quantitation range often 
is the easiest and most appropriate way to effectively extend the range of 
the method. 


14.2 MEASUREMENT OF SIGNALS 647 


14.2 MEASUREMENT OF SIGNALS 


14.2,1—_Neise 


The precision of any signal measurement (which is related to the assay result) 
is affected by the size of the peak (signal) relative to the noise. Noise refers 


to uncertainty in the value of the baseline signal in the absence of analyte. 
There are three basic categories of noise: short-term, long-term, and baseline 
drift. Each of these three types is illustrated in Fig. 14.2. 


Short-term noise (also known as high-frequency noise) is of primary interest 
for most S/N’ measurements. Short-term noise can be due to a number of 


factors,in g pumping system and-elec- 


tronic noise in the integration system. This high-frequency noise component 
(typically with periodicity > ł Hz) ultimately limits the ability to measure 


any signal in HPLC. 
Long-term noise (variations in the signal with a frequency < 0.1 Hz) often 
is indicative of some external source or problem with the system. Figure 14.2b 


shows an example of long-term noise with a frequency of one cycle every 
3 min. Causes of long-term noise include: 


- Poor on-line mixing of solvent components causing slight variations in 
the mobile phase over time 


- Temperature variations 


- Bleed of stationary phase from the column (especially during gradient 
elution) 


- Late-eluting compounds from prior injections 


Typically, long-term noise of this type, once it is identified, can be corrected 
before implementing an HPLC method. Reference 6 provides many good 
suggestions for correcting problems related to noise. Baseline noise and its 


effect on assay precision are discussed further in Section 3.2.3. 
Baseline drift, which can be considered a special type of long-term noise, 
can occur even in well-developed and validated methods. The most noticeable 


type of baseline drift is seen in gradient elution, where the composition of 
the solvent is deliberately changed during the course of the run; therefore, 


the response of the detector (typically, UV) may change as a function of 


solvent composition. This type of baseline drift is illustrated in Fig. 14.2c. 
Reproducible baselines can be established, and both peak height and peak 
area_measurements_are_possible_-even_when_baseline_drift _due_to gradient 


elution is evident. The use of modern data systems can help this process; 
however, severe baseline drift often requires manually overriding automated 


can be used to eliminate baseline drift during gradient elution are discussed in 
Section 8.5.3. 
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~ FIGURE 142 Types of noise in HPLC chromatograms. (a) Short-term noise; 
(b) long-term noise, (c) drift. 


Late-eluting peaks or peaks from previous injections also can appear as 
baseline drift. These “peaks” elute as very broad bands and sometimes are 


indistinguishable from other types of baseline drift. This baseline problem 
often occurs in isocratic separations when late-eluting compounds are not 
cleaned off the column after each injection. This type of baseline drift can be 


minimized or eliminated by techniques described in Section 5.4.3.2. 
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Baseline drift also can be due to changes in the detector. Some refractive 
index detectors are especially sensitive to temperature fluctuations; any 


changes in the temperature of the detector cell can cause severe drift in the 
output signal. Baseline drift also can occur in UV detectors due to changes 
in the intensity of the lamp (aging) or the detector diodes or phototubes. 


Although such changes are often on a time scale much longer than the chro- 
matographic run, the drift can become significant if the components of the 
detector are near the end of their usable life. Detector noise is discussed 


further in Section 3.2.3. 


14.2.2 Peak Height 


The simplest way to measure ke inane of a iat toa pain is by 


determining the peak 


is the preferred approach fort trace analysis janati 14. 5). For a well- solied 
single component, the peak height is the distance between the baseline and 


the-apex ofthe peak; where-the baseline value-is-the-average of many-data 
points taken before the start of the peak and after the end of the peak, as 
illustrated in Fig. 14.3 for peak 2. If the baseline is changing because of long- 


term noise 
as for peak 3 in Fig. 14.3. Here the baseline must be interpolated from the 
beginning to the end of the peak, as shown by the dashed line. For peaks that 


are not resolved completely, peak heights can be determined using a tangent 
skimming method, as illustrated by the major component and peak 1 in Fig. 
14.3. However, tangent skimming should be used only for small peaks on the 


tailing edge of a large preceding peak. Although measurement of peak height 
is a simple manual procedure, most modern data systems also will calculate 


peak height. However, it is important to verify that the proper baseline has 
been established, especially for situations such as those shown in Fig. 14.3. 


FIGURE 14.3 Peak-height measurement in HPLC. (Reprinted with permission from 


Ref. 7.) 
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14.2.3 Peak Area 


Peak_area_is_the_most_widely_used_technique_for_quantitating response—in 
HPLC. The area of a well-resolved peak is defined as the integral of the signal 
response over time from the beginning until the end of the peak. This definition 


is relatively straightforward in theory. However, in practice, the accurate and 
precise measurement of peak area relies on a number of factors. First is the 
need to establish the correct baseline, especially in the presence of short- or 


long-term noise. Second, it is necessary to define accurately the beginning and 
end of the peak (i.e., when the signal can be differentiated from noise at the 
beginning and when the signal has returned to the baseline value). This can 


be difficult for a non-symmetrical or tailing peak, leading to inaccurate quanti- 
tation. Third, the number of data points necessary to collect across the peak 
should be large enough to assess accurately the actual peak area. It has been 


shown that nine data points can accurately describe a Gaussian peak, but that 
up to 32 points are required for a non-Gaussian (tailing) peak [8]. For most 


cases, at least 15 points across the peak of interest are recommended; this 
typically means that the sampling rate for the data system must be at least 3 
to 5 points per second (even higher sampling rates for early-eluting sharp 

: à : at 


higher flow rates). 
Peak area typically is calculated using an integrator or computerized data 


system. However, peak areas can also be measured manually, as shown in 


Fig. 14.4a and b. With a data system, the peak area is the summation of signal/ 
time “‘slices” across the peak, as shown schematically in Fig. 14.4c. This method 


of integration can be very precise if executed properly (typically, precisions 
better than +0.2% for peaks with large S/N’). Note, however, that peak 
detection algorithms for most data systems (hence, peak area calculations) 


rely ona threshold value to determine when the peak begins and ends; differen- 
tiation of real peaks from short-term noise must also be accomplished. The 


improper setting of a peak threshold can influence the accuracy of quantitation, 
as shown in Fig. 14.5. Here the integrated peak area is shown as a function 
of eherent peak ie aa tor Ho a Sam (A, = 1. ~ and an asym- 


of the ES anna aa the ease algorithm identified the end of 
the peak too early in each case relative to the peak end identified for the same 


: as 
a percentage of the true peak area) ranged from 99.6 to 99.9% for the symmetri- 
cal peak, but only from 92.3 to 97.8% for the asymmetrical peak. Each data 


system or integrator is slightly different; therefore, the proper functioning of 
a particular system must be ensured for the user to rely on the data generated. 
Manufacturers should provide information on optimum settings as part 


of instrument purchase; however, instrument accuracy should also be 
checked periodically to make sure that the measurement of peak area is con- 
sistent. 


W1/2 


Area = h x wij 
Height (h) 


(a) 


Triangulation 


Height (h) 


(b) 


Electronic integration 


FIGURE 14.4 Methods of peak area quantitation in HPLC. (a) method of oer 


x width at half-height; (b) method of l 
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FIGURE 14.5 Integrated peak area as a function of threshold for (a) a symmetrical 


peak (A, = 1-00) and (b) a tailing peak (A, = 1-58). Recovered peak areas O = 99.9%, 
A = 99.8%, o = 99.6%, W = 97.8%, & = 95.3%, @ = 92.3%. (Reprinted with permission 
from Ref. 9.) 


14.2.4 Peak Height vs. Peak Area for Quantitation 


Either peak height or peak area can be used for quantitation in HPLC, as 
long as proper calibration is used with either method (Section 14.3). While 


peak-area quantitation is popular in HPLC, this method is not always the 
best. For well-behaved nearly symmetrical peaks, peak height can be as precise 
and more accurate than peak area measurements. Various operating variables 


affect the response measurement; these effects are different for peak height 
or peak area quantitation, as summarized in Table 14.1. Here, the effect is 
given for a small change in an operating parameter on the measurement of 
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TABLE 14.1 Preferred Quantitation Method for Changing LC Parameters 


Quantitation 
Experimental Parameter Method Prefered: 
Condition Possible Cause Changed Area Peak Height 
Mobile phase/ Gradient elution, mobite- k X 
stationary phase fractionation 
phase Change in adsorbent 
S. 
Loss of stationary phase 
Velocity Pumping imprecision, N x 
flow 
Column efficiency Compression of column N x 
bed 
Loading of column_inlet 
with strongly retained 
components 
degradation 
Temperature Column not k x 
thermostatted 
Peak shape Non-Gaussian peaks — x xa 


from chemical effects, 
slow detector 


response, poorly 
packed column, etc. 
Sample volume Irreproducible injection V, — — 


* For badly tailing peaks. 


peak height or peak area. For example, a small change in the flow rate (F) 
will affect the peak height measurement (<= F-°?) less than it will effect the 


peak area measurement (F~'). A change in column conditions that affects 
plate number N usually will affect peak height but not peak area measure- 


ments. Table 14.2 shows-a more 
whether area or peak height quantitation is preferred. Finally, peak height 
often is the preferred method of quantitation for trace analysis (Section 14.5.2). 


Since-ineomplete-resolution-of thetrace-analyte-often-is-a problem, peak- 
height quantitation is more accurate because of less potential interference in 
determining peak size. 


14.3 QUANTITATION METHODS 


Peak-height or peak-area measurements only provide a response in terms of 
detector signal. This response must be related to the concentration or mass 
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TABLE 14.2 Effect of Chromatographic Parameters on Precision of Quantitative 
Analysis in LC Using Concentration-Dependent Detector 


Approximate Effect on Quantitation Method 


Changing Parameter Peak Height, h’ Peak Area, A 
1 

k IFE No change 

N N"? No change 

: peee 1 


u 


of the compound of interest. To accomplish this, some type of calibration 


must be performed, whether within the same chromatographic run or a differ- 
ent one. The four primary techniques for quantitation are normalized peak 
area, and three using calibration: external standard, internal standard, and 


the method of standard addition. 


14.3.1 Normalized Peak Area 


After completion of a run and the integration of all significant peaks in the 


chromatogram, the total peak area can then be calculated. The area percent 
of any individual peak is referred to as the normalized peak area. An example 
of this is shown in Fig. 14.6, where one main peak has 96% of the total area, 


and four other minor components contribute peak areas of from 0.6 to 1.4% 
of the total. The technique of normalized peak area is actually not a calibration 


96% 


2.0 4.0 6.0 


Time (min) 


FIGURE 14.6 Normalized peak area for main component and four minor compo- 
nents. 
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method per se, since there is no comparison to known amounts for any peak 
in the chromatogram. However, this technique is widely used to estimate the 


relative amounts of small impurities or degradation compounds in a puri 
fied material. 
The proper use of a normalized-peak-area technique assumes that the 


response factor for each component is identical (i.e., that the responses per 
unit of concentration of peaks 2 to 5 are the same as the response for the 
main peak 1 in Fig. 14.6). This is rarely true in UV detection, where even 


closely related compounds can have different molar absorptivities. However, 
the technique of normalized peak area is especially useful in early method- 
development studies, when characterized standards of all components are not 


available. Despite the probable inequality of response factors, it is expedient 
to use normalized peak areas for these analyses. 


While different compounds rarely have the same UV absorbance, bulk- 
property detectors, such as refractive index (RI) or evaporative light scattering 
(ELS) do exhibit similar responses for many unrelated compounds. Their 


use with normalized peak areas is more reliable; further discussion of these 
detectors is found in Section 3.3.1. Unfortunately, bulk property detectors 
usually are much less sensitive than UV detection of strongly absorbing com- 


pounds: 


14.3.2__ External Standard Calibration 


The most general method for determining the concentration of an unknown 
sample is to construct a calibration plot using external standards, as shown 


in Fig. 14.7. Standard solutions (sometimes called calibrators) are prepared 
at known concentrations (1.0, 2.0, and 3.0 mg/mL in this case). A fixed volume 


Standards: 1 mg/mL 2 mg/ml 3 mg/ml 
Area=10,000 20,000 | 20,000 || 


Sample #1 Sample #2 


Area (1000's) 


pai vega 


Oo 1 2 3 


Conc. mg/mL 


FIGURE 14.7 Calibration plot for external standard method. 
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of each standard solution is injected and analyzed, and the peak responses 
are plotted vs. concentration. The calibrators in this method are referred 


to as external standards, since they are prepared and analyzed in separate 
chromatograms from those of the unknown sample(s). Unknown samples are 
then prepared, injected, and analyzed in exactly the same manner, and the 


concentration is determined graphically from a calibration plot, or numerically 
using response factors. 


The calibration plot should be linear and have a zero intercept, as in Fig. 


14.7. In this case, unknown samples 1 and 2 have concentrations of 1.5 and 
2.4 peas e If the repons is tingar with a zero intercept, the 


ever, in practice two or more adari concentrations are recommended: The 
concentration vol the Standards shouid be Simula to the concentration tee este 


for 


of the standards, so an e alerpolanon ravides an accurate measurement of 
sample concentration. If the sample concentration falls outside the range of 


standards used, extrapolation of the calibration plot should be used with 


caution. In unusual cases where the calibration plot is not linear, sample 
concentration can be determined by interpolation of results between standards 


and/or fit to a non-linear equation; however, many more standards are re- 
quired, and this technique should be used only when no other option exists. 
In many such cases, the chromatography can be improved to provide a linear 


response as a function of analyte concentration in the range needed for analy- 
sis. Dilution of the sample to bring the concentration into a range for linear 
response is another possible option. 


A second technique for determining the concentration of unknown samples 
uses response factors. A response factor, RF (sometimes called a sensitivity 
factor), can be determined for each standard_as follows: 


standard area (or peak height) ; 


Standard concentration 


In the example of Fig. 14.7, RF is exactly 10,000 for all three standards and 


is the slope of the calibration line, since the intercept is exactly zero. This 
response factor (RF) can be used to calculate the sample concentration as 
follows: 


sample concentration = Soniple Bice (or peak helen) (14.3) 


RF 


If two or more standards are measured (at different concentrations), RF can 


be taken as the average value of response factors for all standards. This 
use of multiple standards (while requiring additional measurements) has the 


___________ advantage of minimizing the uncertainty in determining RF 
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The external standard approach is preferred for most samples in HPLC 
that do not t require extensive mop Kepan A major source of error 


For automated’ igop: “filled injectors ised on most auitosaniplers the precision 
of injection is typically better than 0.5%, and this is adequate for most analyses. 


If manual (syringe) injection is used, method precision is poorer and other 
calibration techniques (described below) often are employed. Less precise 
results also can be obtained from automated, loop-filled injectors that employ 


partial filling of a sample loop. 
For good quantitation using external standards, the chromatographic condi- 
tions must remain constant during the separation of all standards and samples 


(same chromatographic conditions, volume injected, etc.). In addition to their 
customary use for calibration, external standards are often used to ensure 
that the total chromatographic system (equipment, column, conditions) is 


performing properly and can provide reliable results. The use of standards to 
validate system performance is referred to as system suitability (Section 15.11), 


Calibrations are best prepared in the sample matrix, to ensure quantitative 
accuracy. Trace analysis samples often are prepared in the matrix, so that the 


integral _part_of the-calibration_procedure,as 


discussed in Section 14.5.5. 


14.3.3 Internal Standard Calibration 


Another technique for calibration involves the addition of an internal standard 
to the calibration solutions and samples (see below). The internal standard 
is a different compound from the analyte, but one that is well resolved in the 


separation. The internal standard can compensate for changes in sample size 
or concentration due to instrumental variations. One of the main reasons for 
using an internal standard is for samples requiring significant pretreatment 


or preparation (Chapter 4). Often, sample preparation steps that include 
reaction (i.e., derivatization), filtration, extraction, and so on, result in sample 


losses. When added prior to sample preparation, a properly chosen internal 
standard can be used to correct for these sample losses. The internal standard 
should be chosen to mimic the behavior of the sample compound in these 


With the internal standard method, a calibration plot is produced by prepar- 
ing and ana rani talibration somnons PPO different concentrations of 


added. An ‘exaniple of this approach i is shown’ in Figs. 14.8 and: 14, 9 for. the 
analysis of methomy] insecticide using benzanilide as an internal standard. 


Figure 14.8 shows the chromatogram of a calibration mixture. The ratio of 
peak area of methomy] to the benzanilide internal standard is determined for 
each calibration solution prepared, and this ratio is plotted vs. the methomy] 
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Methomy! 


Benzanilide 


Methy!-N-Hydroxythioacetimidate 


7 Solvent peak 
© 


22-5 15-0 7-50 


Minutes 
FIGURE 14.8 Separation of calibration mixture containing lannate methomyl insecti- 


cide with internal standard. Column: 100 X 0.21-cm 1% B,B’-oxydipropionitrile on 
Zipax, < 374m; mobile phase, 7% chloroform in n-hexane; flow rate 1.3 mL/min; 
detector, UV 254 nm, sample injection 20 uL. (Reproduced with permission from 


Ref.10.) 


concentration in Fig. 14.9 using solutions with known concentrations of metho- 
myl. This plot can be used directly to determine the concentration of methomyl 


in samples. The concentration can also be calculated by determining the 
response factor (RF) for the internal standard plot if the latter is linear with 


a zero intercept: 


RE = ARme 


M (14.4) 


standard solutions and M is the methomyl concentration in the calibration 
standard solutions. In this case, RF is the slope of the line in Fig. 14.9. The 


— ~ concentration of methomyl in-a sample (C,) is then given by 


C, = AnlAs (4.5) 


RF 
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FIGURE 14.9 Peak-area ratio calibration with internal standard. Conditions: same 
as in Fig. 14.8. (Reprinted with permission from Ref. 10.) 


Requirements for a proper internal standard include: 


+ Well resolved from the compound of interest and other peaks 


- Should not be in the original sample 
: Should mimic the analyte in any sample preparation steps 


- Does not have to be chemically similar to analyte 
* Commercially available in high purity 


-Stable and ive wi mple or mobile phase 
» Should have a similar detector response to the analyte for the concentra- 
tion used 


oe her most ee ODEA is that the mermat standard 


simple mixture, othe may not be difficult: kawea. a unis mixture often 
makes this requirement more difficult to achieve, and use of an internal 


Although an internal standard does have advantages in certain situations, 
it does not always produce improved results. For example, the precision of 


an external stan- 
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dard calibration method due to the uncertainty in measuring two peaks rather 
than just the analyte. For this reason, and the additional complexity of selecting 


another compound without interference from other peaks, the use of internal 
standards usually is reserved for methods that require extensive sample prepa- 
ration. The external-standard calibration method is preferred for most analyses. 


14.3.4 Method of Standard Addition 


A calibration standard ideally should be prepared in a blank matrix to provide 
the best calibration for actual samples. Thus, a blank matrix of drug formula- 
tion components without the drug substance or an animal feed without added 


compound usually can be used for standard calibration solutions. In some 
cases, however, it is not possible to prepare a representative standard solution 


that does not already contain the analyte of interest. For example, a serum 
sample without endogenous insulin is difficult to prepare as a blank matrix. 
In these cases, the method of standard addition can be used to provide a 

ive 


The method of standard addition is most often used in trace analysis (Sec- 
tion 14.5). In this approach, different weights of analyte(s) are added to 
of the 


analyte. Extrapolation of a plot of response found for the standard-addition 
calibration concentrations to zero concentration defines the original concentra- 
tion-in-the-unspiked-sample.An-example_of this-is shown_in Fig. 14.10 for 


the analysis of 5-hydroxyindoleacetic acid (HIAA) in human cerebrospinal 
fluid. The slope of this calibration plot is equal to the response factor RF for 


this-assay,-which-can then be-used-to-calculate the-analyte-concentrationin 
the original sample (with no added analyte). As shown in Fig. 14.10, the 
original concentration of HIAA in this example was 60 ng/mL. This method 


of calibration does not eliminate the need to obtain proper separation of 
interfering compounds, or other factors, such as stable baselines in the chroma- 
togram. An important aspect of the method of standard addition is that the 


response prior to spiking additional analyte should be high enough to provide 
a reasonable S/N’ ratio (> 10); otherwise, the result will have poor precision. 


14.4 SOURCES OF ERROR IN QUANTITATION 


Errors in any part of the HPLC method can have an effect on accuracy and/ 
or precision. Good accuracy in HPLC relies on: 


- A representative sample 
- Minimum overlap of bands or interferences 


-Good peak shape 
- Accurate calibration with purified standards 
: Proper data handling, including integration 
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FIGURE 14.10 Standard-addition calibration. Column, 30 x 0.4-cm „Bondapak- 
Cs; mobile phase, 89% 0.01 M sodium acetate, pH 4.0 (with acetic acid)-11% acetoni- 


trile; flow rate 1.9 mL/min; detector, fluorometer; sample injection 10 uL, 5-hydroxyin- 
doleacetic acid (SHIAA). (Adapted with permission from Ref. 11.) 


- Sample preparation technique 


+ Instrument reproducibility, including injection technique 
- Acceptable S/N’ ratio for the peak of interest 


- Good peak shape 
> Proper data handling, including integration 
- Method of quantitation or calibration 


Overall, the imprecision of a quantitative result can be expressed as the 


sum of all precision errors expressed as 


oha = OZ + of tort: (14.6) 
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where 7, is the overall precision error [sometimes called the coefficient of 
variation (CV)} and 02, cĉ, and o? refer to the precision error from various 


sources (a,b,c), such as injection, S/N’ of the detector, or sample pretreatment. 
The consequence of Eq. 14.6 is that only those factors that are major will 
contribute significantly to the precision error of the overall analysis. For exam- 


ple, if four sources of imprecision are: 


Source Percent Error 


Volumetric error 0.4 
Sample pretreatment error 4.0 
Injection error 0.3 
S/N’ ratio from detector T.O 


the overall precision error would be 


Tia = (0.47 + 4.07 + 0.3? + 1.07)!7 
= 4.15% (14.7) 


In this particular example, the contribution from the sample pretreatment 
dominates the overall imprecision of the method. Elimination of all other 


sources i 
Therefore, to improve method precision significantly, it is usually necessary 
to reduce the major contribution to imprecision (sample pretreatment, in this 


case). Primary sources of error in HPLC result from sampling and sample 
preparation, chromatographic effects, and signal processing or data handling. 
Each of these is discussed in terms of the effect on accuracy and/or precision. 


See also the discussion of Sections 3.2.3 and 3.2.4. 


14.4.1 Sampling and Sample Preparation 


A primary reason for inaccurate and imprecise results in HPLC is the nature 


tative of the total bulk material. This is particularly true for solid samples, 
although non-homogeneous liquids also can be problematic. For example, if 


a container of animal feed is not well mixed, a small sample taken from one 
part of the container may not be representative of the entire contents. Thor- 
ough mixing, appropriate sampling equipment (such as the use of a sample 


thief, a device designed for obtaining representative solid samples), and other 
techniques should be considered to assure a representative sample. Further 
discussion of sampling procedures can be found in Chapter 4. 
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Sample preparation for HPLC typically involves preparing a solution for 
injection. Simple dilution of a liquid sample can usually be performed with a 


precision of better than 0.5%. However, care must be taken to use proper 
glassware, including calibrated volumetric flasks and pipettes, that are designed 
for quantitative use. This typically means using volumetric flasks and pipettes 


of at least 25 and 10 mL, respectively, and minimizing the number of transfers 
and dilutions needed. The use of autopipettors is common in many labora- 
tories; however, delivery of small volumes (0.1 to 5 mL) from autopipettors 


can also degrade overall method precision. Improved precision can be obtained 
by using careful weighing of samples and solutions rather than volumetric 
transfers. Care must be taken to dissolve samples in solvents completely; 


thorough mixing or other agitation may be needed to ensure complete dissolu- 
tion. The sample should be prepared in mobile phase (ideally) or a solvent 
that is weaker than 


for early-eluting compounds). 
Sample injection with a properly maintained and calibrated autosampler 


provides re 
precision. Manual (syringe) injection is typically no better than 2 to 3% (unless 
an overfilled sampling loop is used with manual loading) and should be avoided 


if f } jed W} Hiniecti i i f 
internal standard calibration can improve precision, as described in Section 
14.3.3. A sufficient sample size must be injected to provide a peak large enough 


for accurate quantitation. However, if too large a sample is injected (either 
large volume or large mass), the chromatography can be severely compromised 
and quantitative results may be poor. Typically, sample size should not exceed 


I to 10 ug of solute per gram of packing. Larger samples can be used if 
resolution is adequate, but the response factor should be checked for linearity 
(especially peak-height quantitation). Sample size and its effects on separa- 


tions are discussed further in Section 13.2.2. 
Sample pretreatment often is a major source of imprecision for HPLC 
methods. Solvent extraction, chemical reactions (such as derivatization), and 


solid-phase extraction are examples of pretreatment steps that are required 
for some samples for good separations and detection. However, these pretreat- 
ment steps can cause errors of 5 to 10% even 


4 contains more information on each of these techniques. Errors associated 
with sample pretreatment are also discussed in Ref. 12. 


14.4.2 Chromatographic Effects 


Fhe HPEC 


quantitation. A pairs focus of this booki isto ia develop koo chromatographic 
methods with: 


e Reasonable retention for all peaks (0.5 < k < 20; preferably 1 < k < 10) 
- Resolution between critical peak pairs of > 1.5 (preferably > 2.0) 
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- Peak signal-to-noise (S/N’ ) ratio > 50 for quantitation 
- Reproducible separations: day to day, different columns, instruments, 


and so on 


tion. Use of peak area rather than peak height can improve measurement 
precision even with non-Gaussian peaks; however, severely tailing peaks make 


it difficult to define the beginning and end of the peak properly, resulting in 
inaccurate quantitation (see Fig. 14.5). Peaks that elute near the void volume 
(k < 0.5) often will be poorly shaped or overlap chromatographic artifacts in 


or near the void volume. Peaks with excessive retention (k > 20, isocratic) 
become smaller in height and broader, both presenting problems for accu- 
rate quantitation. 


Resolution of R, > 2.0 between the peak of interest and the nearest adjacent 
peak is strongly desired for good quantitation. While it is feasible to quantitate 


two peaks with R, < 1.5, there will be some overlap of peak area that contri- 
butes to an inaccuracy for the peak of interest. This is true if the relative peak 
heights for adjacent peaks are significantly different and/or if one of the 


ks is tailing Thel k- jally if it-elutes first}-will a 


significant error to the accurate assessment of the smaller peak; the converse 
is less of a problem. Appendix I shows resolution curves and a table of errors 


due to 1). 
of R, > 2.0 also takes into account the inevitable degradation of column 


performance during routine use. 


Detector conditions should be chosen that provide a significant S/N’ ratio 
for accurate and precise quantitation. Final results are affected by the baseline 
stability of the detector, short-term noise or baseline drift, and the sensitivity 


toward the compound of interest. In addition, care must be taken to work in 
the linear range of detector response for the compound(s) of interest to 


i calibration plots (Section 14.3). D " ii | 


further in Chapter 3. 
Various separation parameters can also affect peak separation and quantita- 


tion. Temperature or mobile-phase composition changes can affect both reten- 
tion and separation, especially the precision of peak-height measurements. 
These effects are minimized by proper column thermostatting (particularly 


for ionizable compounds) and accurate biending of solvents (either by the 
instrument or manually). Flow-rate variations can affect overall retention, but 
have a greater effect on the precision of peak area than peak height with 


concentration-dependent detectors such as UV. Gradient elution using mod- 
ern HPLC systems can be as precise as isocratic separation, but care must 
be taken to ensure the proper functioning of the gradient-forming devices 


and mixers. 
Finally, short, high-efficiency columns (i.e., 3.5-um particles packed in col- 


umns of less than 10 cm in length) can provide advantages in speed and 
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throughput. However, instrumental conditions must be appropriate for good 
peak shape and quantitation. To obtain the expected increase in peak height 


for better detection and quantitation, one study with 8-cm columns of 
3.5-um particles found that the sample injection volume had to be limited to 
= 20 pL, and a detector rise time < 0.2 s was required [13]. 


14.4.3 Data System Effects 


While most modern data analysis systems are adequate for determining peak 
areas and heights, proper integration parameters must be used for good quanti- 
tation__Results_depend_on: 


- How the systems filter or average short-term noise 


- The number of points/sec of data collected 
+ Data collection parameters specified 


+ The computer algorithms used to process the data 


Some systems provide validation packages or information on data-handling 


ples to assure proper quantitation. 
For most data systems, the user needs to specify operating parameters for 


data collection and analysis. The primary goal of peak detection and integra- 
tion settings is threefold: to establish the baseline noise level, to establish the 
proper start of each peak, and to establish the proper end of each peak. The 


two main parameters typically are (1) a setting relating to the noise (above 
which a “peak” is detected) and (2) the peak width for the narrowest peak 
expected (defined by the “start” and “end” of each peak). The baseline noise 


level can be established with reasonable accuracy if enough data points are 
collected (typically, 3 to 5 points per second for most chromatograms is suffi- 


cient; for very fast separations, 10 to 15 points per second are required). The 


start and end of the peak are related to the “noise” or sensitivity setting of 
a ere Sara However, the aes ales pan often is more wean 


Soak width is too 1 narrow, the ai will ‘pics by” before ‘the data system 
identifies it as a n BEEE if the ERA for peak width i is too A 


icading to jisectate peak integration. A good rulei is to take the nastowest 
expected peak in the chromatogram and set the peak width parameter to 50% 


of this value. The peak width can be considered the “coarse adjustment knob”, 
while the noise parameter is the “fine adjustment knob” for peak detection 
and integration [14]. 


Another consideration for data systems is how data bunching affects the 
accurate collection and storage of chromatographic information. Data bunch- 
ing is a technique used by most systems to save only enough data points to 
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define the overall chromatogram and peaks properly without saving more 
data points than are necessary, thus creating excessively large data files. For 


example, many of the points in “flat” baseline portion of a chromatogram 
are not needed to represent the separation accurately and therefore are not 
saved in the data file. Data bunching and its affects on quantitation are de- 


scribed in Ref. 15. 
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nents in a wide variety of sample types. Reasons for the utility of HPLC for 
this application include: 


- High resolving power for accurate measurements 
: Sensitive and selective detection often available 


- Minimal pretreatment for some samples 
- Original sample sometimes can be preconcentrated for higher sensitivity 


The goals of trace analysis often are somewhat different than for quantita- 
tive assays of major components in a mixture. Frequently, the analytical prob- 


lem is to measure very small concentrations of one (or a few) component(s) 
in a complex sample. The main goal is to make an accurate determination of 
the trace compound(s); high precision measurements generally are not needed. 


While many assays require precisions in the range 1 to 2% (Section 15.3), 
trace analyses usually are performed with precisions of 5 to 15% because of 


____________ limitations imposed by low analyte concentrations. Fortunately, such preci- 


sions are adequate for most trace analyses. The following sections discuss how 
ee pieprranon, column resolution, sample injection, sample detection, 


sed in trace analysis: 


14.5.1 Sample Preparation 


In a few instances, samples can be injected into the HPLC column directly 


without prior treatment (e.g., analysis of additives in soft-drink beverage [16}). 
However, in most cases samples for trace analysis must be processed in some 
way before final HPLC analysis is possible. In Chapter 4 we describe methods 


for preparing and preconcentrating an analyte in a sample to enhance the 
sensitivity of a trace analysis. These methods include the use of solid-phase 
extraction, liquid-liquid extraction, filtration, coupled columns, and column 


back-flushing techniques. 
Sample pretreatment can also be used to ensure better analysis accuracy. 


__ Samples _intended_for_analysis often contain a mixture of neutral, basic, and 
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acidic components, plus compounds that vary in hydrophobicity. Sample pre- 
treatment methods can systematically reject certain classes of compounds, 


while retaining those desired classes. The best sample pretreatment method 
will eliminate the maximum number of potential interferences while quantita- 
tively recovering the desired analyte. The highest level of method selectivity 


and trace analysis accuracy usually is obtained when the sample pretreatment 
step and the HPLC separation are based on different principles (e.g., ion 
exchange for sample pretreatment and reversed-phase for HPLC). 


A special form of sample preparation in trace analysis involves the use of 
restricted internal access columns in which a separate sample pretreatment 


step i 
blood plasma and similar samples for trace analysis of analytes where proteins 
are potentially interfering substances. The packing in these columns has a 


hydrophilic outer surface or coating which has no affinity for proteins and-a 
typical hydrophobic surface (e.g., Cig) in the pores. Proteins in the injected 
sample are too large to enter the narrow pores that are used and are not 


i iti ein nretai 
through the column (before to). Smaller solutes (e. g, drugs) enter the porous 
network, undergo the usual hydrophobic interactions, and are retained for 


subsequent measurement. An example of this approach is shown in Fig. 14.11 
for the direct analysis of phenobarbital in blood plasma. Here, the value 
determined by this method closely agreed with an analysis based on immuno- 


assay. 
A disadvantage of restricted access columns is that they are limited to 


ferences as effectively as solid-phase extraction; the primary role is column 
protection, by allowing proteins to pass through the column unretained. Also, 


the sensitivity of the analysis is based strictly on detector sensitivity and the 
volume of sample that can be injected—analyte concentration enrichment is 
limited. Finally, some users experience limited column lifetime with this direct 


fouled with extraneous material from samples. 


14.5.2 Column Resolution 


Forma 


the trace peakts) of interest should be separated completely from néighboritg 
peaks. When two peaks are close together, measurement of the trace compo- 


nent is most accurate when it elutes prior to a major constituent, as in Fig. 
14.12b. If, instead, the trace peak elutes on the trailing edge of a principal 
peak, as in Fig. 14.12a, accurate measurement becomes more difficult and 


sometimes impossible. Sometimes, a trace component may be masked com- 
pletely by earlier-eluting major peaks, and a major increase in resolution then 
must be obtained before the desired trace analysis is possible. 
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Excluded 


Materiat 
“4 From Plasma 


Phenobarbital 
(Found - 20.0 ug / L) 


Inject 


-— 14 min.———>1 
FIGURE 14.11 Tae analysis kias rece: access spola, ouma 15 x 0.46-cm 


d h 80%-0:1-M_potas- 
sium mn phosphate buffer, PH 6.5; flow fate af 0 mimin: feniperatine: ambient; detection: 
UV, 230 nm; sample: 10 uL of patient plasma. (Reprinted with permission from Ref. 17.) 


Trace analyses ually’ are yest comed out busing i isocratic Conditions: since 


Trace analysis by gradient elution i is a feasible and may be ed in 
certain situations, as discussed in Section 14.5.6. However, with gradient elu- 


tion, measurement precision may suffer and-anałyses can be more time con- 


suming. An approach often preferred for routine trace analyses involving 
samples with components in a wide k range is to use an isocratic method with 


column switching, as discussed in Chapter 4 and described further in Ref. 18. 
Quantitation of trace components should be performed by peak-height 
measurements. This method is least infiuenced by potentially overlapping 


peaks (best accuracy) but still is capable of adequate precision. Peak-height 
ratios for adjacent, symmetrical peaks with a resolution of 1.0 can vary as 
much as 30:1 and still produce quantitative accuracies of about 3%. Under 


the same conditions, peak-area ratios can vary only about 3:1 for the same 
measurement accuracy. Therefore, most trace analytes should exhibit separa- 
tions of at least R, = 1.0 from neighboring peaks of a similar size for good 


peak-height measurements, and an even higher resolution if the overlapping 


peak(s) have much larger peak heights. 
The i i i dilutes a sample during passage 


through the column when a sample is injected in an isocratic separation. The 
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Main 
Component 


Trace 
Component 


(a) 


Component 


0.0 1.0 2.0 3.0 
Time, (min.) 
(b) 
FIGURE 14.12 Importance of relative band position for the analysis of a trace com- 
ponent. 


result_is that component peaks are ata lower concentration- when they elute, 
making detection of a trace component more difficult. The amount that an 
injected sample is diluted is approximated by [19] 


Cm: V,Ne> 
a = Vm (ar (14.8) 


where Cmax is the elution concentration at the peak maximum, cg the initial 


concentration in the sample, V, the injected volume, N the column plate 
number, and V, the retention volume of the trace component; see also Table 
2.4 and related discussion. Dilution of the sample as it passes through the 


column depends on the volume of injected sample and solute k value. If the 
sample volume is large, the dilution is a proportional to 1/(1 + k). 
Equation 14.8 predicts increased peak-height sensitivity for a trace compo- 


nent when the plate number N is large. However, if longer columns are used 
to increase N, V, also is increased, and component concentration (and resulting 
sensitivity) is decreased by dilution. The best compromise for sensitive trace 


analyses is to use a short, efficient column with at least 5000 plates that 
produces very sharp peaks and still provides the needed resolution for the 
component(s) of interest. Highly efficient 7.5-cm columns with 3.5-um particles 


(Section 5.2.2) are especially suited for trace analyses, as illustrated in Fig. 
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14.13. The peak-height sensitivity for measuring chloramphenicol in an extract 
of rat urine was approximately doubled with a 8-cm column of 3.5-um particles 


over that of a 15-cm column of comparable 5-um particles. In addition, analysis 
time was halved. 
Each parameter of the resolution equation (a, k, and N, Eq. 2.3) can be 


varied independently to optimize the accuracy and sensitivity of a trace analysis 
by improving band spacing and sharpening peaks, respectively. Therefore, 


of a trace analysis can be improved significantly by optimizing chromatographic 
parameters affecting the separation. The peak-height sensitivity for a trace 


analysis is especially affected by the k value (or retention V,) for the solute 
of interest. Since peak height and sensitivity are inversely proportional to k 
value, operating at low k values can significantly enhance trace analysis sensi- 


tivity. However, the k value for the solute of interest must be targe enough 
to provide separation from extraneous components, particularly material elut- 
ing at or near fo. For maximum sensitivity, peak-height trace analyses should 


be carried out in a k range of about 0.5 to 1.5, if possible [20]. Since most 
interferences occur early in the chromatogram, selection of a larger k value 
may favor separation selectivity and analyte measurement accuracy at the 


expense of sensitivity. 
Increasing the separation factor « is the most powerful technique for ensur- 
ing the specificity and accuracy of a trace analysis. As discussed in Chapters 


6 to 9, adjusting «æ is usually accomplished by varying the mobile-phase and/ 
or stationary- pase type or concentration, or By changing H the column tempera- 


adequate resolution for most trace soinak: However: once an narai 
Eee e parationo of the trace Componenti from potential interfering materi- 


must be confirmed, 
There are three approaches for checking separation specificity and resulting 


method accuracy, based on a change in the separation assay method, as summa- 
rized in Table 14.3. A change in the chromatographic conditions (Table 14.3) 
can show sufficient differences in band spacings so as to provide another 


method for cross-check purposes. However, a more powerful and highly- 
recommended approach is to develop a second HPLC (reference) method, 
based on a different separating system. For example, the reference method 


FIGURE 14.13 Effect of particle size on trace analysis. Columns: Zorbax SB-C8, 
15 x 0.46-cm, 5-um pane a and ee 8.0 x 0.46 cm, 3. 5- -um particles; 


ammonium hydroida: flow rate: 10 E temperature: ambient; detector: UV, 
278 nm; sample: 20 uL of rat urine extract containing 20 ng of chloramphenicol. 


_______ {Adapted from Ref-13.) 


Column: 15 x 0.46 cm: 


12.0 


5 um particles 


20 ng 
Chloramphenicol 

= 

10.0 
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D 
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D Column: 8 x 0.46 cm; 
ra 3.5 um particles 
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TABLE 14.3 Chromatographic Cross-Check 
Methods for Trace Analyses 


Change of chromatographic conditions 
% B, temperature 
pH change (ionizable compounds only) 


Solvent change 
Column bonded-phase functionality change 
Change of HPLC method 


Normal phase instead of reversed phase 
Ion pair or ion exchange instead of reversed phase 
Change in separation method 


CZE 


may be based on an NPC, ion-pair, or ion- 


initially proposed routine RPC method. Because of significant band-spacing 
ey between Ciromatograms ir the! two different separation mero 


72 each of the separating methods i is hecked for interferences dane method 
development, it would be expected that an occasional interference for one 


method-wil-not-be-—a-problemforthe-other-method—However-ifthetwo 
alternative methods give different results for the sample, it is likely that the 
lower value obtained from either method is correct because of a lower level 


~~~ ofinterference: 
An alternative approach to confirming specificity and trace analysis accu- 
racy by chromatography is to trap the analyte fraction from the proposed 


routine method and reinject it using the second (reference) separation method. 
Any interference for the proposed routine method is likely to be better sepa- 
rated in the second (reference) separation. Since there is little opportunity 


for other peaks to overlap with the analyte in the reference separation, the 
accuracy of the trace analysis is likely to be confirmed. The column-switching 
procedures of Chapter 4 and Refs. 18 and 21 provide the most convenient 


approach for the routine use of the fraction-collection and reinjection method 


for trace analysis. 
Another approach for ensuring the accuracy of a proposed trace analy- 


sis method is to develop measurements based on an entirely different sepa- 
rations principle (e.g., capillary zone electrophoresis, gas chromatography, 
supercritical-fluid chromatography, etc.). A useful strategy is to compare re- 


sults from typical samples of interest obtained with the proposed routine 
HPLC method with those from a second altogether-different method. Replica- 


tion_of results (within the precision of the two methods) provides strong 
evidence of the accuracy for the proposed routine HPLC method. This ap- 
proach i is particularly useful when samples from different matrix types (e.g., 


crops) are to be investigated. 
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Measurement sensitivity often can be further increased and analysis time 
decreased by first optimizing the a value for the target analyte. For a separation 


system with constant H and k [19}, 


Cmax @ — 1 (14.9) 


Therefore, this relationship means that if the œ value is increased only mod- 


estly, resolution is significantly increased. If the increased resolution is much 
larger than needed, the user can shorten the column to reduce peak dilution 


and increase the analysis sensitivity (sharper peaks). 


14.5.3 Sample Injection 


For maximum sensitivity in trace analysis, sample volumes as large as possible 


should be injected. Sampling valves with larger-volume sample loops are 


convenient for this operation. However, as discussed in Section 2.4.1, too large 
a sample volume will overload the column and may result in distorted peaks 


with : 
is to start with a sample volume that is about one-fifth the volume of the earliest 
peak of interest (calculated as baseline peak width in minutes multiplied by 


flow rate in mL/min, as measured with a very small sample volume). The 
sample volume is then increased until the expected increase in peak height per 
concentration unit does not occur, or resolution from neighboring overlapping 


components becomes limiting. Typically for a 15 x 0.46-cm column, sample 
volumes in the range 50 to 500 uL are tolerated, depending on the k value 
of the trace analyte; larger sample volumes are allowed for solutes of higher k. 


If the mass of sample is very limited (e.g., a drop of blood from a baby’s 
heel), detection sensitivity can be substantially increased by using a smaller- 
ID column. Figure 14.14 shows that for the same sample mass, detection 


sensitivity is increased about fourfold for a 0.2-cm-ID column over a compara- 
ble 0.46-cm-ID column. Similarly, for the same sample mass, detection sensitiv- 


ity_is_about-doubled_for_a_0.3-cm-ID_column, compared_to_using a_0.46-cm- 
ID column. Note, however, that if the amount of available sample is large so 
that larger amounts (mass) of sample can be injected into the column (e.g., 


a-pharmaceutical_tablet), there-is-no-sensitivity-advantage-in—using -smaller- 
diameter columns. 
Very large sample volumes often can be injected into columns if the analyte 


is in a solv is w e mobi ase. e the a accumu- 
lates at the column inlet because the k value is large in the weak injecting 
solvent. This on-column enrichment method is useful for enhancing the detec- 


tion sensitivity of certain analytes. For maximum sample enrichment in RPC, 
the sample should be injected in the weakest possible mobile phase (high 
water concentration). The mobile-phase organic then is increased, using either 
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10 


(b) 


FIGURE 14.14 Effect of column internal diameter on peak sensitivity for B-vitamins: 
equivalent sample mass. Columns: 15 cm, Zorbax SB-C8; mobile phase: 26% methanol- 
0.1% phosphoric acid with 10 mM hexane sulfonic acid; flow rate 1.0 mL/min; 40°C; 


UV detection, 230 nm; sample: 1, Bs, nicotinamide (0.42 ug); 2, Be, pyridoxine 
(0.42 ug); 3, Bo, riboflavin (0.1 ug); 4, Bi, thiamine (0.42 ug); 2-uL sample volume. 
(a) 0.46-cm-ID column; (b) 0.21-cm-ID column. Courtesy of Rockland Technolo- 


gies, Inc. 


a gradient or a step change in the mobile phase. An example of this approach 
is shown in Fig. 14.15 for the trace determination of cyclosporin (peptide of 


MW 1202) in urine. Figure 14.15a is a chromatogram of a blank, showing that 
1.8 mL of urine could be injected directly into the column. After injecting a 
urine sample containing the analyte, the analyst purged the column with a 


weak mobile phase (water, followed by 32% acetonitrile—water) to eliminate 
extraneous components. A step-gradient change to 50% acetonitrile~water 
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Cyclosporine 


Expected position 


Š Ifor cyclosporine 


tart 


4 


H201 t j t 4 t 
770% 50% 29% H20/ 4 70% 50% 32% H20 
Acteonitrile H20 Acetonitrile 
15 10 5 15 10 5 
T (min) T (min) 


(a) (b) 
FIGURE 14.15 On-column trace enrichment with a step gradient. Column: 3 Xx 


0-4em, Merek -RP-8-5-um; step-gradient-with-acetonitrile-and-0-+-M-ammonium 
carbonate; flow rate: 4 mL/min; 70°C; detector: UV, 215 nm; sample: 1.78 mL; 
(a) urine blank; (b) 360 ppb cyclosporin (MW 1202) in urine. (Reprinted with permis- 


—— ~ sion from_Ref.-22.) 


then_eluted_the_cyclosporin_at_the_360-ppb_concentration_as_a_sharp, easily 
measured peak, as in Fig. 14.155. Finally, the more strongly retained sample 
components of no interest were sipped from the column with another step 


+ the-column-_was-_regenerated_with-a_final 
water flush. In favorable cases, it is possible to inject a liter or more of an 
aqueous sample into an analytical column, resulting in up to a 20,000-fold 


A special problem in trace analysis is that the column must be freed of 
sample contaminants before another analysis is attempted. Otherwise, the 


the trace analysis imprecise or inaccurate. Late eluters can be minimized by 
using a better sample cleanup method, such as a solid-phase extrac- 


tion pretreatment with the same column type (Section 4.4.2). Alternatively, 
a column-switching or back-flushing technique can be used (Section 4.6). 
Strongly retained components also can be often cleared from the column by 


using gradient elution or step gradients to increase the strength of the mobile 
phase after the trace analyte has eluted. 


676 QUANTITATION (INCLUDING TRACE ANALYSIS) 


14.5.4 Detection 
The selectivi f the HPLC d ften is highly i in the develop- 


ment of a sensitive and accurate trace analysis method. Ultimate detector 
sensitivity isa function of both the SRN spon of thie detector and 


most widely ised for HPLC ti trace anae. are based on UV Denopho one. 
"y, Pooma PESEE and mass Panon (Badriah mical 


detertoré have different levels of enk selectivity, as summarized in Ta- 


ble 14.4. 
Many compounds of interest have sufficiently targe UV extinction coef- 


ficients (see Table 3.1) so as to allow highly sensitive trace measurements 
with simple, single-wavelength UV detectors (usually 254 nm). Variable- 


wavelength UV detectors offer much more flexibility, since they can be oper- 
ated at the absorption maximum for the trace component for highest sensitiv- 
ity. Alternatively, the absorption wavelength sometimes can be set at a value 


that gives the greatest freedom from potential neighboring peaks and still 
provides adequate sensitivity for the analyte of interest. As indicated in Section 
3.2.2, while maximum sensitivity for many compounds often is found at low 


wavelengths (= 220 nm), detection specificity can be quite poor under these 
conditions, since many extraneous compounds also absorb and interfere under 


_ these conditions. The diode-array UV detector usually provides no additional 


possibilities for higher sensitivity but can be useful in checking the trace 


Analysis for specificity, as R in Section 3.2. 6. However, for accurate 


to be meaninefol 
Fluorescent and electrochemical (EC) detection are much more sensi- 


~ tive (up to 1000-fold) and compound-selective than UV. Fluorescence de- 
tection usually is based on derivatizing the component of interest, since 
most compounds do not have useful native-fluorescing properties. Figure 


TABLE 14.4 Detectors Most Used for HPLC 
Trace Analyses 


Less-selective detectors 


Single-wavelength UV 
Variable-wavelength UV 
Diode-array UV 


Moderately selective detectors 
Fluorescent 
Electrochemical 


Highty-selective d 
Mass spectrometer 
Radiodetector 
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14.16 shows the determination of trace phenolics in waste water using 2-(9- 
anthrylethyl)chloroformate as a fluorometric derivatizing agent. The derivati- 


zation step can cause 
reactions can also occur with other compounds in the sample for the same 
fluorescence, as illustrated by other peaks in Fig. 14.16. Also, the attachment 


of a large fluorophore group to different molecules can produce derivatives 
with similar reversed-phase retention, so that careful adjustment of band 
spacings may be required. 


While EC detection is available for compounds that can be reduced or 
oxidized (Section 3.3.3), this method is most used for trace analytes that can 
be readily oxidized. Only a relatively small number of analytes are EC active, 


which reduces the potential impact of this detection method. Also, derivatiza- 
tion to fags EC sens is ies userul In genera, the EC detection 


ed-by the 


comparison in Fig 3 14. Therefore, EC detection a. is selected to increase 
sensitivity and not to improve selectivity. While EC detection is less convenient 


Detector response 


3,4-Dimethylphenol 
(10.60) 


Z BAEC 


0 4 8 12 16 200 4 8 12 16 20 
(a) (b) 


FIGURE 14.16 Analysis of phenolics in wastewater using fluorimetric detection with 


gradient. Column: 25 X 0.4-cm LiChrospher 100 RP-18; mobile phase: 70% acetonitrile- 
30% water to 100% acetonitrile in 10 min; flow rate: 1.0 mL/min; ambient temperature; 
detection: fluorescence, Aexe = 256 nm, Aem = > 418 nm. (a) 0.065 mg of phenol per 


100 mL of wastewater; AEOH, 2-(9-anthrylethy!)chloroformate reagent; BAEC, bicar- 
bonate by-product of reagent; (6) 0.0048 mg of 3,4-dimethylphenol per 100 mL of 
wastewater. (Reprinted with permission from Ref. 23.) 
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experimentally than UV or fluorescence detection, the very high potential 
sensitivity of EC makes this approach especially useful for certain applications, 


such as the neurogenic amines shown in Fig. 14.17. 


14.5.5 Calibration 


The various methods of preparing quantitative calibrations for compounds 
have been described in Section 14.3. As discussed in Section 14.5.2, peak- 


height calibrations are much preferred for trace analyses, because of the 
strong potential for better accuracy; peak-height measurements are much less 
peaks than are peak-area measurements. Peak- 


height calibrations also are more convenient, and satisfactory trace analysis 
methods pusually can be aereos with modes or 


is most used for trace analyse. “Most calibrations for trace components are 
conducted in the sample matrix (e.g., blood serum). Here, the calibrants are 


added-to-a reliable blank (matrix without-the 
the sample preparation steps. The calibration range should cover the expected 
analyte concentrations in the samples to be analyzed, and analyses should not 


~~ be attempted at concentrations below or above those actually calibrated. Some 


analysts prepare a new calibration for each batch of samples to ensure optimum 
results. Separation selectivity should be adjusted so that the analyte is in a 


“clear” portion of the chromatogram, and elutes prior to any large neighboring 
peak, as indicated in Section 14.5.2. The limit of detection (LOD) usually is 
determined by the S/N’ ratio of the separating detection system and the extent 


of overlap with neighboring peaks. 
In a well-designed trace analysis system, the calibration plot for separating 
an analyte should extrapolate through the zero point. Extrapolation through 


a value below the zero point indicates a loss of analyte in the separating 
peed To ensure ae Eien ina trace analysis ane a eee 


recovery of at least 75% i is ponsidered desirable for most ace ican 
of an appropriate internal standard can improve the precision of trace analyses, 


less-than 100%, or-variable—Extrapolation 
of a calibration plot to a point above the zero point strongly suggests a baseline - 


FIGURE 14.17 Separation of trace neurogenic amines with electrochemical detec- 


tion. Column: 7.5 x 0.46-cm Zorbax SB-C8, 3.5 jm; mobile phase: 0.14 M sodium 
acetate/20 mM EDTA-0.75 mM octyl sulfonate-9% methanol, pH 3.5; flow rate: 
1.5 mL/min; temperature: 26°C; sample: 20 uL; electrochemical detector: 0.75 V vs. 


Ag/AgCl; DOPA, dihydroxyphenylalanine; DHBA, dihydroxybenzyl amine; DOPAC, 
dihydroxyphenylacetic acid; NE, norepinephrine; DA, dopamine; HIAA, hydroxyin- 
doleacetic acid; EP, epinephrine; AVA, homovanillic acid; SHT, hydroxytryptamine; 
3MT, methoxytyrosine. (Reprinted with permission from Ref. 24.) 
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TABLE 145 Preferred Conditions for High Sensitivity in Trace Analysis 


Use a selective detector with a large S/N’ ratio. 


Use peak-height measurements. 
Set the k value at 0.5 to 1.5 if resolution from adjacent peaks permits. 
Use a short, efficient column, preferably with more than 5000 plates. 


Inject as large a sample volume as possible. 
Use a narrow-bore column if the sample is mass limited (otherwise, a 0.4- to 
0.5-cm-ID column). 


Preconcentrate the sample for highest sensitivity; clean up if required. 
Use a pulseless pump capable of precise mobile-phase delivery. 
Select the HPLC system exhibiting the largest a value for trace component. 


interference as well as the possibility of some analyte in the original sample 
matrix. The method of standard additions is often used (Section 14.3.4) if a 
sample blank is not available. 


14.5.6 General Strategy 


The overall strategy for developing a trace analysis method is summarized by 
the preferred conditions listed in Table 14.5. As suggested previously, in trace 


analysis there-is-always-a competition between measurement sensitivity and 
specificity (accuracy). For example, maximum sensitivity often occurs in the 
low UV, where detection selectivity is poor; sensitivity is increased for smaller 


k values, but separation selectivity may be compromised. Sensitivity is in- 
creased by injecting a larger sample mass or volume, but column overload 
may result with loss in specificity because of band broadening. The conditions 


listed in Table 14.5 give approaches that can be used to improve measurement 
sensitivity but does not address the problem of maintaining method specificity 
or accuracy. Approaches that can be used to ensure method specificity or 


accuracy of a trace analytical method are summarized in Table 14.6. 


TABLE 14.6 Ways to Ensure the Specificity and Accuracy of a Trace 
HPLC Method 


1. Anticipate and eliminate potential interferences (Chapter 4). 
a. Optimize sample preparation for recovery of analyte with minimum 
interferences. 


b. Use different sample preparation and HPLC separation approaches to reject 
the maximum number of interferences. 
2. Optimize a value to obtain needed resolution for trace component with 


3. Select detector and detecting conditions for maximum freedom from possible 
interferences (Chapter 3). 
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TABLE 14.7 Advantages of Gradient Elution for Trace Analysis 


Experimental Condition Result 

Can operate at a small effective k value without interference Higher sensitivity 
from early-eluting compounds 

Can-use_larger sample volumes. Higher sensitivity 

Easy control of band spacing to eliminate overlap with Better accuracy 
interferences 


Although_isocratic_conditions_are_used_for_most_trace_analysis_methods, 


gradient elution can provide a solution to some of the problems that can arise 
when attempting an isocratic method. The advantages of gradient elution are 


—~~ ~ summarized in Fable 14.7. interferences at or near tg often can be better 
separated from weakly retained analytes by injecting the sample in a low- 
strength (low % B) mobile phase, then imposing a gradient to elute the peak 


of interest at a higher % B. This approach maintains the analyte at a small 
effective k value (sharp peak) while improving resolution from potentially 
interfering earlier-eluting interferences (see Fig. 14.15). 


Larger sample volumes often can be injected when gradient elution is used. 
Here, the sample is injected at a low effective k value (lower % B), where 


ing the % B with the gradient then elutes the analyte as a sharp peak for high 
se nsicvily: me approach is similar t to that even in Fig. 14.15 tof on- coluinn 


Modifying ieden elution éonditions also can be used to ‘change band 
spacings, as discussed in Section 8.4.2. Changing gradient steepness is a conve- 


nient way to eliminate band overlap for more accurate measure of a trace 
analyte. An illustration of this is shown in Fig. 14.18. Here analyte 2 in a 
plasma sample is badly overlapped by an unknown component (*) when a 


2%/min acetonitrile gradient was used. Decreasing the gradient to 1.6%/min 
acetonitrile changed the band spacing and allowed the measurement of analyte 


2 (and the other two analytes of interest) without interference for accurate 
analyses. 
However, there are some disadvantage or limitations to using gradient 


elution_for_trace_analysis._First,a_major_limitation_of_gradient_elution_for 


trace analysis is artifactual peaks that often occur in blank gradients. Second, 
gradient operation usually results in longer analysis times, mainly because the 


column must be re-equilibrated before the next run. Third, some detectors 
cannot be used with gradient elution (Table 3.7). Finally, gradients can cause 
strongly sloped baselines or less-stable detector baselines, limiting the overall 


detectability and accuracy of measuring the analyte. Nevertheless, gradient 
operation for trace analysis should be considered if an isocratic approach 
proves unworkable or inconvenient. 
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Preferred conditions for a trace analysis in HPLC are summarized in Table 
14.5. A typical trace-analysis method-development sequence might involve 


the following steps (with references indicated): 


L : ; ee ae ee aA 


usually into a volatile organic solvent (e.g., dichloromethane, methyl-t- 
butyl ether) (Chapter 4). 


2.€oncentra 
(Chapter 4). 
3. Select a 7.5 X 0.46-cm column with 3- or 3.5-um particles and a C;g or 


Cs bonded stationary phase (Chapter 5). 


analyte 2 2% ACN/min 


analyte 3 


analyte 1 


1.6% ACN/min 


analyte 3 


5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 
Retention time, min 


FIGURE 14.18 Changing gradient steepness to resolve a trace analyte. 
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4. Start with a UV detector, using the systematic approach of Table 3.4. 
5. Develop the optimum separation using a relatively high concentration 


of analyte to ensure the required resolution from potential interfering 
compounds (Chapters 6 to 9). 
6. Optimize the sample injection volume and construct a peak-height cali- 


bration for the concentration range of interest (Sections 2.4.1 and 14.2.2). 
7. If sensitivity is insufficient, use an EC or fluorimetric detector, if possible 


(Chapter 3): 


This method-development sequence is not general, but it does fit many 


samples that require trace analysis. Each sample may need a special approach 
to allow the sensitivity and accuracy needed to solve a particular problem. 
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15.1 INTRODUCTION 


~ Much of this book has dealt with the theory and practice of developing an 
HPLC method. However, getting an acceptable separation and detection of 
the compounds is only the first step in a completed method that may be 


performed for long periods in other laboratories. If the method is used with a 
product or process, it may be submitted for both internal and official regulatory 
approval. This could involve agencies such as the Food and Drug Administra- 


tion (FDA), the Environmental Protection Agency (EPA), or their counter- 
parts around the world. 
The transfer of a method is best accomplished by a systematic method 


validation process. Many workers view validation only as a test of the accept- 
ability of the method using the conditions (e.g., flow rate, sample size, column 
the real goal of the validation process is to chal- 


lenge the method and determine limits of allowed variability for the conditions 
needed to run the method. It is important to have a well-conceived validation 


plan for-testing the-method-and-acceptance criteria before starting the -valida- 
tion process. Included in this plan should be a detailed procedure describing 
the entire method (including calibration standard and sample preparation, 


by others. Many official groups have established guidelines or standard proce- 
dures for method validation, and some other recommendations exist in pub- 


lished references [1-7]. However, these guidelines are generally not specific 
or apply only to certain applications. In this chapter we define each of the 
major items that should be in a good method validation. Preferred approaches 


for each phase of a validation process are also given. An example method 
validation protocol is included at the end of the chapter. 


15.1.1 General Approach to Method Validation 
Just_as method development will vary with sample and separation goals, so 


will method validation. An assay for a major component requires a different 
approach and acceptance criteria than a method for a trace impurity. The 
frequency_with which_a_method_will be_used_(many_times_a_day, once_a-_day 


only for a short study, once a month, etc.) also influences the type of validation 
studies that are needed. 


Atr iterative approach to overall-method 


The use of a method early in its development may require only limited valida- 
tion. For example, for initial R&D studies on a new drug candidate, the 


analyses may be performed in a single laboratory, perhaps by one operator 
on a Single instrument. Preliminary toxicology studies on a new pesticide can 
also be performed under very controlled conditions, which minimizes the need 


for complete validation studies. An HPLC method for an active drug substance 
used in initial formulation studies may not require a study of detection limit 
or ruggedness. Therefore, it is best to prioritize the components of validation 
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studies. In a good validation plan the important studies will be done early and 
anticipate future needs. Typically, specificity, linearity, accuracy, and precision 


studies are needed first; complete studies of stability and ruggedness often 
can come later. 
A final method may be performed at different sites around the world. 


Differences in HPLC instrumentation, laboratory equipment, and reagent 
sources, and variations in the skills and background of personnel may require 
specific features in the HPLC method. In addition, the development of differ- 


ent formulations of the same drug with varying strengths or physical forms 
may require flexibility in method procedures. A method developed for the 
assay of the main component in a tablet may have to be adapted to function 


in a lotion, cream, or aerosol. The analysis for residual drug in manufacturing 
equipment (often needed for cleaning-validation studies) also requires method 


modifications, While these _types_of applications involve method adaptations, 


the adapted method often will be based on the initial method development 


study, Pe duiements tor validation at later stages. of product pevelapment or 


A preferred spiced to method validation is to define and carry out the 
critical studies needed for each step in a manner that allows use of the new 


and : 
In addition, the routine use of a method outside the originating laboratory 
can provide valuable information on ruggedness (use of different columns, 


reagents, instruments, etc.). This information from different laboratories 
should be accumulated during routine use. These later results may indicate 
that the method should be modified to improve certain characteristics. This 


iterative process continues until a formal, complete validation is performed 
and documented (usually prior to submission of a drug application, transfer 
of the final method to a new site, etc.). 


The remainder of this chapter focuses on the individual components of a 
method validation study. These include accuracy, precision, linearity, range, 
limit_of 


stability of samples, reagents, instruments, and system suitability criteria. In 
adaition, method documentation, daja from interlaboratoryei crossover studies, 


each component of the study, an important consideration is the need to deter- 


mine Ah me vandahon starts) what constitutes an 1 acceptanie result mor 


ond its tended u use. "For ample, Beodo precision is more impotan i for an 
assay of the major component than for a single trace-level impurity. 


15.2 ACCURACY 


The accuracy of a measurement is defined as the closeness of the measured 
value to the true value. In a method with high accuracy, a sample (whose 
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“true value” is known) is analyzed and the measured value should ideally be 
identical to the true value. Typically, accuracy is represented and determined 


by recovery studies, but there are three ways to determine accuracy: 
(1) comparison to a reference standard, (2) recovery of the analyte spiked 
into blank matrix, or (3) standard addition of the analyte. 


15.2.1 Comparison to a Standard 


Determining accuracy by direct comparison to a reference standard (a standard 
reference material) is the preferred technique for an analyte (e.g., purified 


drug substance) that is not in a complex sample matrix. If the analyte is widely 
assayed, a certified standard may be obtained from an external source, such 
as the National Institute for Standards and Technology (NIST) or suppliers 


specializing in reference standard materials. However, for new compounds in 
commercial development, such as a pesticide or drug candidate, reference 
standards usually are not available. In these cases, a ‘special lot” of material, 


can be used as a reference standard. It is important to secure highly purified 
and extensively characterized material (by several methods) to assure authen- 


ticity 


analysis, mass spectrometry, UV-Vis, IR, NMR (perhaps examining multiple 
elements), analysis for residual solvents and/or water, and differential scanning 
calorimetry -Of course, the‘standard’™—should chromatograph-as-a-single, 


well-defined peak using the HPLC method to be validated. Additional chro- 
matographic methods such as TLC, GC, CE, or another HPLC method (e.g., 


RPC or NPE 
for use as a reference standard. See also discussion of Sections 3.2.6, 9.1.1.7, 
10.7, and 15.7 for evaluating peak purity. 


Accuracy determination for an HPLC method should be carried out with 
a minimum of nine measurements using at least three concentrations (including 
separate weighing plus preparation for each sample). This approach minimizes 


any variability and/or bias in sample preparation technique and analysis for 
one sample at only one concentration. An example would be three replicate 
measurements each of three different concentration preparations. All nine 


values are averaged and used for the final accuracy determination. The re- 
sults of these measurements then are compared to results obtained by 
other methods or results reported on a certificate of analysis from an exter- 


nal source. 


15.2.2 Analyte Recovery 


If the HPLC method is used to measure an analyte in a complex sample 


matrix (e.g., a formulation), a spiked recovery method can be used. Here a well- 
characterized standard is still required, but the experiments are performed in 
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the presence of the matrix. Because other components of the matrix may 
Wieren with ane Epa detection, or accurate cee of the analyte, 


ence standard is added toa blank matrix DPA called a laceta) at 
various levels. This blank matrix could take many forms. For example, in an 


analysis of a drug formulation, it would include all the formulation ingredients 
except the analyte to be measured. For a pesticide residue in crops, it would 
be a matrix of untreated crops. 


The recovery at each level is determined by comparison to the known 
amount added. For a major component assay, spiked levels typically should 
be at 50, 75, 100, 125, and 150% of the level expected for the analyte in a normal 


assay. A minimum of three replicate measurements should be performed at 
each level. Other spiked concentration levels may also be appropriate (such 
as 75, 100, and 125% or 80, 90, 100, 110, and 120%), but the critical factor is 


to bracket the expected concentration range for the final product. An injection 
of the blank matrix oe be mao to AT matrix Pack sround ue 


if present. _If any 


peak(s) of interest, the separation should be modified to improve resolution, as 
desribat in n.C Raptors £ to = 


given matrix, for Scamnple! multiple i impurities ina püre compoureh or it multiple 
active compounds in a formulation or blend. In this case, two approaches are 


possible. The first is to spike in at appropriate levels each compound of interest 
individually in a matrix containing the inactive ingredients and representative 
levels of the other components to be measured. The second approach is to 


spike all components equally at their representative levels, using a blank 
matrix that contains none of the components to be analyzed. Either approach 
can be appropriate, depending on personal preference and the likelihood of 


interactions among the various components. 


15.2.3 Method of Standard Addition 


In the method of standard addimion, known amounts of an analyte are r 


Quantity of the aie The concentration of the analytes in the tigita p 
may then be determined mathematically (see Section 14.3.4). In general, for 


standard addition, a goodapproachistoadd25, 50,-and 100%-of 


analyte concentration to the matrix in different experiments. The unspiked 
sample and each of the spiked samples should be analyzed (usually in tripli- 


cate) and the measured amounts reported vs. the amount added. This method 
is used when it is difficult or impossible to prepare a suitable blank matrix 
without the analyte. An example would be the analysis of insulin in a normal 


blood sample, where background levels of insulin will always be present. 
Further details of standard addition are discussed in Section 14.3.4. 
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15.3 PRECISION 


Precision can be defined as “the degree of agreement among individuat test 
results when the procedure is applied repeatedly to multiple samplings of a 
homogeneous sample” [2]. A more comprehensive definition proposed by the 


International Conference on Harmonisation (ICH) [6] divides precision into 
three types: (1) repeatability, (2) intermediate precision, and (3) reproduc- 
ibility. 


Repeatability is the precision of a method under the same operating condi- 
tions over a short period of time. One aspect of this is instrumental precision. 
This is measured by the sequential, repetitive injection of the same homoge- 


neous sample (typically, 10 or more times), followed by the averaging of the 
peak-area or peak-height values and determination of the relative standard 


————— deviation (RSD; see below) of all injections. A second aspect is sometimes 
termed intra-assay precision and involves multiple measurements of the same 
sample (different preparations) by the same analyst under the same condi- 
tions. 


Intermediate precision is the agreement of complete measurements (in- 
cluding standards) when the same method is applied many times within 


the same laboratory. This—can—include—full analysis—on—different—days, 


instruments, or analysts, but would involve multiple preparation of samples 
and standards. Reproducibility examines the precision between laboratories 


and is often determined in collaborative studies or method transfer experi- 
ments. 
The precision assessment during initial method validation often applies to 


the first two of these: repeatability and intermediate precision. Reproducibility 
is usually determined during method transfer or crossover to another labora- 
tory or location. Precision often is expressed by the standard deviation (SD) 


or relative standard deviation (RSD) of a data set. If a set of n measurements 
is performed on a sample, the average value obtained from those n measure- 
ments is defined as 


(15.1) 


where x; are the individual measurements on the sample. The standard devia- 
tion of these data is then 


(15.2) 


and the relative standard deviation (RSD) or coefficient of variation (CV) is 
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RSD (%) = rose (15.3) 


Details on practical statistics for handling data can be found in Refs. 8 and 21. 
Data to assess precision often are collected as part of other studies that 


concern linearity (Section 15.4) or accuracy (Section 15.2). Typically, 6 to 15 
replicate measurements are made on single samples at each concentration 
level. For an HPLC assay of a major component, methods with a relative 


standard deviation (RSD) of 1 to 2% may be required. A major limitation 
for achieving still better precision is the use of volumetric glassware, whose 
—____ precision_is_limited_to_about_0.5%._Errors_of_this_kind_can_be_reduced_by 


weighing every volume aliquot (pipetting, fill to mark, etc.) and correcting 
Toer to volume pa solvent densities; ab arpa is more predse than 


of 5 to 10% RSD > usually i is acoeauble depending on the sample anled, 
Less precise methods (RSD = 2%) can still be useful, even when a particu- 


lar sample need eds to be defined accurately. A simple, although time-consuming 


method is to increase the number of replicates performed. For example, if a 
particular assay method has a precision of 3% RSD, a single measurement 


can define the value of X + 3%. By analyzing 10 samples and determining 
the average, the a in the value can be reduced by V10, thus defining 
the value to X + (3%/V/10), or X + 0.95%. 


15.4 LINEARITY 


As described in Section 14.1.1, the linearity of a method is a measure of how 


well a calibration plot of response vs. concentration approximates a straight 
line. Linearity can be assessed by performing single measurements at several 
analyte concentrations. The data are then processed using a linear least- 


squares regression. The resulting plot slope, intercept, and correlation coeffi- 
cient provide the desired information on linearity. An example of this approach 


is shown in Fig, 15.1. The numerical value of the slope and intercept will 


depend on the responses measured, but intercepts greater than 2% (relative 
to the target level espona are typically Sees with m Lame sha 


above 0, 999 i is acceptable for ‘most methods; especially for n major cumponei 
in assay methods. Methods with linearity poorer than this may have to be 


treated-as-non-linear-and-use-more = 
non-linear response modeling. 
The least-squares method of determining linearity can have serious short- 


i over one or more 
Here the slope, intercept, and correlation coefficient can be unduly influenced 
by data at low or high concentrations. Small changes in the calculated value 
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Linearity Plot 


y = 2.101x + 0.02; CC = 0.997 


Detector Response 


0-0 0:50 0 +5 2.0 2:5 3.0 
Analyte Concentration 


FIGURE 15.1 Typical linearity plot of detector response vs. analyte concentration. 


of either the slope or intercept can lead to errors in estimating the true value 


for a sample. Therefore, a better method of assessing linearity is desired. 
A generally superior method for determining method linearity over wide 


ing the response factor at each measured concentration and plotting this 
response factor (or sensitivity) vs. analyte concentration (or log concentration 


for a wide range). This response factor (RF) is calculated as 


Sensitivity (y/x) 


0.01 0.1 1 10 


Chloride concentration (pg/mL) 
FIGURE 15.2 Linearity plot using sensitivity vs. concentration. (Used with permis- 


sion from Ref. 9.) 
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RF = — (15.4) 


where DR is the detector response (peak area or peak height) and C is the 
concentration of the analyte. 


Ideally, the response factor should be independent of concentration if 
the method is truly “linear” over an extended range of concentrations and 
=~ 0 (b is the intercept, as defined in Eq. 14.1). In the case of Fig. 15.2, 


the response factor is independent of concentration for ranges of 1.2 to 
10.0 g/mL. At lower concentrations this relationship deviates, and the as- 
sumed linearity no longer holds. 


Although the response factor method uses only response slope information, 
mpheit inforination is available for AMENER and come anes as well. For 


plot at low concentrations (Fig. 15. 2), while non- linearity at high concentra- 
tions sel ase shon a changi in thts hasan vs. concentration plot, i pertess 


ionzontal line of Fig, 15. 2 eoten the average repii factor for the 
higher concentration samples). However, scatter about the line is acceptable 


within a reasonable limit, based on the needs of the analysis method. This 
information can be more explicitly seen by a plot of residuals vs. measured 
analyte concentration, as shown for another data set (that of Fig. 15.1) in Fig. 


15.3. The residual for each data point is the difference between the measured 
value at a certain concentration and the calculated value using the slope and 


Plot of Residuals 


0.30 
m 
N 
z 
k=] 0.0 
rH D 
ac 
0 
-0.30 
0.0 0.50 1.0 1.5 2.0 2.5 3.0 


Analyte Concentration 


FIGURE 15.3 Plot of residuals vs. analyte concentration for data of Fig. 15.1. 
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intercept determined by a fit of all data. In this case, the residuals should be 
distributed both above and below the zero residual line (representing random 


precision of the method), with no obvious outliers. The approaches used in 
Figs. 15.2 and 15.3 can be useful to determine whether a systematic error 
exists in the method. 


Linearity data can be obtained in several ways. A convenient technique is 
to create one stock solution of analyte and perform serial dilutions (e.g., 1:5, 
1:10, 1:20) to obtain the necessary concentrations for analysis. Serial dilution 


helps avoid errors inherent in the independent preparation of several concen- 
trations. Repeating this process at least three times with different stock solu- 


tions generates three complete sets of linearity and response factor plots (as 
in Figs. 15.1 to 15.3) and permits a measure of linearity repeatability. In 
addition, it is recommended that these linearity studies be performed using 
atleast-five-different-concentration_levels_(see the range discussion _below_for 


actual levels). 


15.5 RANGE 


The range of a method can be defined as the lower and upper concentrations 


for which the analytical method has adequate accuracy, precision, and linearity. 
While a desired concentration range is often known before starting the valida- 


tion of a method, the actual working range results from data generated during 
validation studies. The range of concentrations examined will depend on the 
type of method and its use. For a major component assay, concentrations of 


standards should be measured at or near the expected target measurement 
level. The concentration range should encompass values expected in samples 
to be measured. A good strategy is to perform studies at 50, 75, 100, 125, 


and 150% of target levels. This range also has the potential to demonstrate 
that the method is linear outside the limits of expected use (typically 90 


to 110%). 
Major component assays of pharmaceuticals often are used to measure 
content uniformity for a dosage unit. The U.S. Pharmacopeia (USP) definition 


o 9 y-allows-a-single-va ode on getb h 


as 25% and still pass the test [10]. Therefore, a prudent linearity validation will 
encompass a range of at least +25% even if the assay is expected to fall within 


+5 to 10% of the target value. Furthermore, drug stability data (especially 


those in accelerated studies) can generate values outside the anticipated speci- 
fication range. This requires that the validation extend well beyond the ex- 


pected specification level or target values for the assay of unstressed product. 
In cases where the sample concentration is above the calibration range, dilution 
of the sample to the appropriate concentration is recommended. 


Methods for determining impurities, degradants, and other related sub- 
stances can generate concentrations that vary over several orders of magni- 
tude, depending on method sensitivity. A recommended range to be exam- 
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ined in validation studies in pharmaceutical and related samples should 
start at the limit of quantitation (typically < 0.1%) and extend up to at 


least 5% of the—concentration—of—the—major—component._Measurements 
beyond this range typically are not needed since related substances are 
rarely tolerated at higher levels in a raw material or finished product. For 


applications to other types of sample, this recommended range may need 
to be adjusted; however, the key point is to validate the expected range 
of all potential samples. 


15.6 LIMIT OF DETECTION AND LIMIT OF QUANTIFATION 


Two important characteristics of a method are the limit of detection (LOD) 


and limit of quantitation (LOQ). In Chapters 3 and t4 we describe how 
to determine these characteristics, and such studies are considered to be 
an important part of any method validation. The limit of detection (LOD) 


can be defined as the smallest level of analyte that gives a measurable 
response. The LOD is often based on a certain signal-to-noise (S/N') ratio, 
typically 2 or 3. We recommend that a S/N' ratio of 3 be used as the 


limit of detection for HPLC methods. 
The limit of quantitation (LOQ) can be defined as the smallest concentra- 
tion of analyte which gives a response that can be accurately quantified. The 


LOQ can also be defined as the level at which precision is poorer than a 
certain value (e.g., RSD > 3%). The latter definition often is used if the 


LOQ can be set at some arbitrary defined level, such as a S/N’ ratio of 10. 
Figure 15.4 illustrates how precision is related to relative sample concentration. 


At relative analyte concentrations greater than 20, the precision for this exam- 
ple is independent of S/N’ (RSD ~ 1%) and depends on other factors. For 
relative analyte concentrations below 5, the precision is determined by S/N’. 


Based on Fig. 15.4,-a SiN’ ratio of 10 (relative analyte concentration of = 4 


in this example) should result in a precision of better than 3% 
The LOD and LOQ values determined during method validation are af- 


fected by the separation conditions: columns, reagents, and especially instru- 
mentation and data systems. Instrumental changes, particularly pumping sys- 
tems and detectors, or the use of contaminated reagents can result in large 


changes in S/N’ ratio (especially affecting baseline noise and drift). Further 
discussion of these effects can be found in Chapter 14. 


15.7 SPECIFICITY 


The single most important aspect of most analytical methods is specificity, 
which can be defined as the ability to measure accurately the concentration 
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CV (%) 


independent of S/N 


l 2 5 10 20 50 


Relative analyte concentration 


FIGURE 15.4 Dependence of precision on sample concentration and signal/noise 
(S/N' ) ratio. 


of an analyte in the presence of all other sample materials. If specificity is not 
assured, method accuracy, precision, and linearity all are seriously compro- 


mised—Assuring-specificity-is-thefirst-step-in-developing-and—validating-a 
good method. Techniques for adjusting band spacing and increasing resolution 
between peaks to assure specificity are discussed in Chapters 6 to 9. Method 


specificity should be reassessed continually during validation and subsequent 
use of the method. New or previously unknown compounds in later samples 
may interfere with a method that was validated properly during initial devel- 


opment. 
The determination of method specificity can be achieved in two ways. 


First and most desirable, all potential interfering compounds can be tested to 


demonstrate their separation from the peak(s) of interest with a specified 
resolution (usually R, = 2; see Section 2.2.2). In Chapters 6 to 9 we describe 


~~~ systematic ways to modify sample retention to achieve this goat A second 
method for achieving specificity is the use of selective detectors (Section 3.3), 
especially for coeluting compounds. For example, a selective detector (e.g., 


electrochemical or radioactivity) will respond to some compounds but not to 
others. In the case of a radioactive compound, even if a non-radioactive species 
completely coelutes, the detector will only “see” the compound of interest. 
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In this case, an accurate measurement of that compound is feasible, despite 
the lack of chromatographic separation. 


Fhe-use-of a specific -UV wavelength _can_also_be_effective_in_optimiz 
ing measurement selectivity. The selective UV detection of an analyte also 
can be enhanced by derivatization and measurement at a wavelength selec- 


tive for the resulting derivative -An example -isthe -use -of DABS-El (4 
dimethyłaminoazobenzene-4'-sulfonyl chloride) to derivatize amino acids for 
subsequent detection at 436 nm. This approach permits the analysis of these 


analytes in the presence of other compounds which absorb only at lower 
wavelengths [11]. While a valid approach to assure specificity, selective detec- 
tion is still not preferred to adequate separation of the compounds of interest. 


Coeluting compounds, especially if present in large molar excess to the species 
of interest, can cause irreproducible separation even when selective detection 
is used [12]. 


Specificity of a developed method often is difficult to ensure. However, 
there are a number of techniques that can be used in method validation 
experiments that wil] increase confidence in specificity. These procedures in- 


clude: 


Sein eer 


- Sample degradation studies 
~ Peak collection with subsequent analysis by other techniques 


Specific on-line detection such as LC/MS or multiple-wavelength scanning 
+ Use of another chromatographic method 


-Changing conditions-of the HPLC method_{e.g., alternative-solvents-or 
different gradient slopes) 


p res to ensure me cificity are discussed individually in 


the following sections. 


15.7.1 Spiking of Potential Interferents 


The most straightforward technique for assessing specificity is to add a small 


amount of a known contaminant, degradation product, or other impurity to 
the sample and determine that the added species is well separated from the 
compound to be measured. However, in early method development studies, 


all potential interfering compounds are not necessarily known or available, 
so additional! techniques to assess interferents may be required, as de- 
scribed below. 


15.7.2 Sample Degradation 


Another technique for assessing specificity is to deliberately degrade the sam- 
ple and look for the appearance of other peaks in the chromatogram (repre- 
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senting degradation products of the sample). This approach can be carried out 
either in the presence or absence of other matrix components (e.g., formulation 


ingredients), depending on the projected use for the method. The purity of 
the assay peak of interest in the degraded sample often will need to be 
determined by another technique. This could include on-line methods such 


as LC-MS or diode-array wavelength scanning (Section 15.7.4) or “off-line” 
methods such as peak collection with spectral analysis (Section 15.7.3) to 
assure that another component is not hidden under the main component peak. 


Other peaks will often appear with sample degradation, but they are of no 
concern for assay of that sample if they are well resolved from the peak(s) 
of interest. Degradation studies often use reactions that involve acid, base, 


heat, light, and oxidation (see Table 15.2 example). Typically, studies are 
designed so that 10 to 30% of the e original ample is degraded. In this way the 


2 adants rather than (for => 30% 
degradation) EN dhemial products that are less likely to occur in real 
samples. In addition, degradation studies such as these will often indicate 


which—‘real” degradation _peaks-will form_and-where they-may ehite- Fhis 
information is also useful in developing stability-indicating methods. 


15.7.3 Peak Collection and Analysis 


Method specificity is best determined by collecting the peak of interest and 


subjecting it to independent analysis. This could include mass spectral charac- 
terization, IR, NMR, a specific bioassay, or other appropriate characterization 
method. Any co-eluting compound is likely to be discovered by these comple- 


mentary analyses. The peak also can be collected in thirds (first part of the 
peak, heart cut of the middle of the peak, last part of the peak) and indepen- 


dently reinjected. If another species is partially co-eluting with the main peak 
of interest, a partial separation often is seen on re-analysis of the isolated 
fraction(s). An example of this is shown in Fig. 15.5. In this case the last part 


of the main peak in Fig. 15.5a (after 5.78 min) is - 
using the same or higher-resolution chromatographic conditions. In Fig. 15.5b 
there is now clear evidence of a second, partially separated peak which is 


hidden_under the-main-peak-of Fig. 15.5a_under normal-conditions—To-be 
effective, the procedure of Fig. 15.5 should involve the collection of no more 
than 10% of the total band; a 5% fraction is collected in the separation of Fig. 


15-5a (5.78-5.90 min). 


15.7.4 Additional On-Line Detecti 


Specific on-line detection systems, such as diode-array UV and LC-MS, also 
may be helpful in assessing method specificity. Many users employ “peak 


purity” techniques built into diode-array UV systems to show that the spectra 
across a peak are consistent, thus lending credence to a single species (see 
the discussion in Section 3.2.6). Although this peak-purity method is useful, 
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FIGURE 15.5 Fractional collection and re-injection to determine peak purity. Col- 
lected fraction of main peak in (a) is subjected to the same analysis conditions in (b), 


which shows evidence of a partially coeluting compound. 


it relies on a significant difference in UV spectra between the compound of 


interest-and_potential_interferents—However, if an-nterferent-has-the-same 


retention (within +0.02 min) as the compound of interest, or if the spectra 
of the two compounds are similar or identical, this peak-purity technique is 


not reliable. 
On-line LC-MS systems are especially useful in determining peak purity, 
assuming that different masses or mass patterns can be observed for potentially 


overlapping species. Unfortunately, LC-MS systems are expensive, generally 
unavailable for routine use, and often not amenable to solvent systems used 


for HPLC- FheseimHationsrestrieHtheappleabiity-ofHthispowerfuhmethed- 


However, LC-MS systems are becoming more available and versatile, and 
the routine use of LC-MS in method-development laboratories is dramatically 
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increasing. In addition, peak collection and off-line MS analysis (although 
cumbersome and time consuming) may provide information similar to that 


of on-line LC-MS. An approach used by some laboratories is to develop the 
method using solvents and operating conditions that are compatible with mass 
spectral detection. However, confirmation of peak purity by MS can be limiting 


if isomers are involved, because of similar mass spectral patterns. Isomers are 
typical impurities in many preparations, so that other cross-check methods 


for-_purity_are_required_(Section_15.75). 


15.7.5__Chromatographic_Cross-Check 


Another powerful technique to define peak homogeneity or purity is to use 
a different chromatographic method. For example, if the original method is 


developed on a reversed-phase C,, column, a normal-phase method can be 
used as an alternative. The second HPLC method can be used either on the 
entire sample, or (better) on an individual peak collected from the C), column. 


An example of this is shown in Fig. 15.6 for further characterization of the 
1 peak (9.0 min retention time). The initial separation, shown in Fig. 


15.64, resolves five compounds from the main peak. Collecting the main peak 


only and reinjecting it using another chromatographic method (illustrated in 
Fig. 15.6b) shows an additional minor impurity that was hidden under the 


main peakin Fig t5-6a: 
Other separation techniques, such as thin-layer chromatography (TLC), 
gas chromatography (GC), ion exchange, and capillary electrophoresis (CE), 


also may be appropriate for checking peak purity, depending on the type of 
sample. CE is a technique highly complementary to HPLC, and its use to 
assure the specificity of an HPLC method is growing. An example of this 


approach is shown in Fig. 15.7 [13]. In this case, the best reversed-phase HPLC 
separation of rabbit liver Cd,Zn-MT metallothionein isoforms was obtained 
at pH 2.5, but only two major peaks are fully resolved (Fig. 15.7a). When the 


sample was separated by CE, at least four peaks are resolved, as shown in 
Fig. 15.7d. 


15.7.6 SARE HPLC Conditions 


so as to resolve previously overlapping peaks. If no new pele epee this 
is evidence that all compounds have been resolved and the method is specific. 


For example, if two or more runs with % B or gradient steepness varying are 
used to develop a gradient (or isocratic) method, the lack of interfering or 
coeluting peaks in all gradients may be evidence of specificity. Similarly, 


separation results with other solvents, columns, temperatures, pH, additives, 
and so on, acquired during method development can provide further evidence 
of peak purity. While important information on method specificity often is 
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FIGURE 15.6 Collection of a peak and reinjection using a different chromatographic 
method. Main peak in (a) is collected and reinjected in (b), which shows evidence of 


= a Coeluting peak from the original separation. 


the-method development, the-cross- 
check methods described in Sections 15.7.3 and 15.7.4 usually are required to 
obtain a high degree of confidence of peak purity. 


15.8 RUGGEDNESS 


Method ruggedness is defined as the reproducibility of results when the method 
is_performed_under_actual_use_conditions._This_includes_different_analysts, 


laboratories, columns, instruments, sources of reagents, chemicals, solvents, 
and so on. Method ruggedness may not be known when a method is first 


, but insight-is-obtained-during -subsequentuse—of that-method. 
Good method development procedures require the systematic evaluation of 
the important factors that influence method ruggedness. In this way, an initial 
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method can be developed that increases the likelihood of good performance 
after validation and during subsequent use. 


The strategy for determining method ruggedness will vary depending on 
the type and complexity of the method and the time available for validation. 
Determining method ruggedness may be limited to a few critical experiments, 


such as checking effects of different columns (same manufacturer and type) 
or the effects of running the method in a different laboratory. In this case, 
all other factors are kept constant, including mobile phases and reagents. The 


same sample is used, and the final results (assay value, level of impurities, 
etc.) are compared to assess equivalence. This approach is useful when time 
for ruggedness testing is limited. Often, the real ruggedness of a method can 


only be determined over time by experience in different laboratories. How- 
ever, as the need for method ruggedness increases, a more comprehensive 


plan for predicting ruggedness is needed. 


15.9 ROBUSTNESS 


The concept of robustness of an analytical procedure has been defined by the 


ICH [6] as “a measure of its capacity to remain unaffected by small, but 
deliberate variations in method parameters.” A good practice is to vary impor- 
tant parameters in the method systematically and measure their effect on 


separation. For example, if a method uses a 36% ACN-water mobile phase, 
performing the analysis at 33, 36, 39% ACN/water to determine the effect of 
bil f hs 


to a change in percent organic. Similar studies should be performed changing 
all variables (e.g., mobile-phase additives, column temperature, flow rate, etc.; 


see Fig.1.5-as-an example). Many of these data are obtained during method 
development if systematic studies of separation variables are performed as 
recommended in Chapters 6 to 9. The use of parameter mapping procedures 


is especially effective in defining robustness (see Section 10-6). 
The most important aspect of robustness is to develop methods that allow 
for expected variations in the separation parameters. For example, if an equiva- 


lent separation of two components can be obtained at pH 3.0 or pH 4.5, but 
the separation changes significantly with a +0.1 shift in pH at 3.0 (but not at 


FIGURE 15.7 Specificity of HPLC separation: RP-HPLC separation of rabbit liver 


Cd, Zn-MT isoforms at different pH values. Column: 25 x 0.46-cm Vydac-Cy; flow 
rate: 1.0 mL/min; ambient temperature; UV detection: 214 nm; mobile phase: acetoni- 
trile in 10 mM sodium phosphate buffer two-step gradient at (a) pH 2.5; (b) pH 7.0; 


(c) pH 11.0; (d ) CE of rabbit liver Cd,Zn-MT isoforms; column: 57 cm X 75-um fused 
silica; running buffer: 10 mM sodium phosphate adjusted to pH 2.5; running voltage 
30 kV; UV detection at 200 nm. (Reprinted with permission from Ref. 13.) 
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pH 4.5), it would be better to select pH 4.5. An effective way to examine 
method robustness is with a statistical experimental design to evaluate the 


~~~ many parameters simultaneously. A proper design can minimize the number 
of experiments needed while still providing information on the effects of 
individual parameters. Typically, a multivariate screening study is first per- 


formed on all known or suspected factors that could influence the method. 
In this first study, the suspected factors are examined (briefly) to determine 
which ones exhibit a significant effect on the method. The results of this first 


study will indicate only those factors that are important. A second, more 
detailed evaluation of the important factors is undertaken, typically using 
three levels for each factor. The results of this study can be used to quantitate 


the effects of each factor. The use of experimental design in method develop- 
ment is beyond the scope of this book, but details on general experimental 


design can be found in Refs. 14-17. In addition, the use of computer simula- 


tions (e.g., DryLab) can be very useful to examine the effects of method 
robustness (Sections 10.2 and 10.6). 
A ion tothef : iderati will-sienificantly i the 


quality of the final method. The one exception, however, is the column. There 
is the possibility that a column from a different manufacturing lot will not 


give ; in 
an unacceptable separation (Section 5.3). For this reason it is important to 
evaluate columns from at least three different lots during method development 


and validation to ensure that reproducible columns can be obtained. If signifi- 
cant lot-to-lot variations in sample retention are observed, appropriate steps 
should be taken to avoid future problems. One approach is to stockpile enough 


columns from a “good” batch for all future uses of the method. Another 
approach is to determine whether small changes in conditions (% B, tempera- 
ture, pH, etc.) can be used to minimize or correct any undesirable changes 


in retention from lot to lot. 


15.10 STABILITY 


To generate- reproducible and reliable results, the samples,standards, and 
reagents used for the HPLC method must be stable for a reasonable time 
(e.g., one day, one week, one month, depending on need). For example, the 


analysis-of evena-single-sample may require t0-or more—chromatographie 


runs to determine system suitability, including standard concentrations to 
create a working analytical curve and duplicate or triplicate injections of the 


sample to be assayed. Therefore, a few hours of standard and sample solution 
stability can be required even for a short (10-min) separation. When more 
than one sample is analyzed (multiple lots of one sample or samples from 


different storage conditions from a single lot), automated, overnight runs often 
are performed for better lab efficiency. Such practices add requirements for 
greater solution stability. 
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The stability of all reagents and solutions is important with regard to both 
time and mpare Ifa folaton i isnot stable at room emperau decreas- 


ani chiller are available for this OR, Stability i is als important 
in relation to the actual analysis time. For example, analyses using a 100- min 


gradient run require = 
Typically, 24-hr stability is desired for solutions and reagents that need to be 
prepared for each analysis. Longer-term stability (days or weeks) of standard 


solutions is desirable; otherwise, the standard solutions may need to be pre- 
pared fresh every time the analysis is performed. 
Mobile phases should be chosen to avoid stability problems, especially 


the use of amine additives or specific solvents. For example, mobile phases 
containing THF are known to be susceptible to oxidation. These mobile phases 
should be prepared daily with fresh THF. Some buffered mobile phases cause 


problems; for example, phosphate and acetate provide good media for 
microbial growth. Sodium azide (0.1%) is often added to the mobile-phase 


buffer to inhibit such growth; adding more than 5% of organic solvent is also 


effective. 
Long-term column stability is critical for method ruggedness. Even the best 
HPLC column _will eventually degrade_and lose its initial performance, often 


as a function of the number of samples injected. Details on column stability 
are provided in Section 5.4. 


15.11 SYSTEM SUITABILITY 


Prior to the analysis of samples each day, the operator must establish that 
the HPLC system and procedure are capable of providing data of acceptable 


quality. This is accomplished with system suitability experiments, which can 
be defined as tests to ensure that the method can generate results of acceptable 
accuracy and precision. The requirements for system suitability are usually 


developed after method development and validation have been completed. 
The criteria selected will be based on the actual performance of the method 
as determined during its validation. For example, if sample retention times 


form part of the system suitability criteria, their variation (SD) during valida- 
tion can be determined. System suitability might then require that retention 


times fall within a +3 SD range (based on validation results) during routine 


performance of the method. 
The USP defines parameters that can be used to determine system suitability 


priorte—analysis-H8}Fhese_parameters_inelude_plate-number-(V) tailing 
factor, k and/or a, resolution (R,), and relative standard deviation (RSD) of 
peak height or peak area for repetitive injections. Typically, at least two of 


these criteria are required to demonstrate system suitability for any method: 
The RSD of peak height or area of five repetitive injections of a standard 
solution is normally accepted as one of the standard criteria. For an assay 
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method of a major component, the RSD should typically be less than 1% for 
these five repetitive injections. For the measurement of a compound at trace 


levels, such as an impurity standard run at or near the limit of quantitation, 
a higher RSD (5 to 15%) is acceptable. 
A second criterion tests chromatographic behavior. The plate number and/ 


or tailing factor are used if the run contains only one peak (e.g., an assay 
using an external standard). For chromatographic separations with more than 
one peak, such as an internal standard assay or an impurity method expected 


to contain many peaks, some measure of separation such as æ or R, is recom- 
mended. Reproducibility of tg or k values for a specific compound also defines 


system performance. 


15.12 DOCUMENTATION OF VALIDATION RESULTS AND THE 


FINAL METHOD 


An _important—aspect—of—any—method-validation_is—documentation—of—the 
validation experiments with appropriate conclusions. This documentation 
can take the form of a memo, short report, or a more formal writeup. It 


should be reviewed by someone not directly involved with the method 
development or validation experiments. If a plan for validation and desired 
acceptance criteria has been established (Section 15.1), the validation report 


should compare these criteria with the corresponding results. Deviations 
from the experimental plan/or and data that fail to support predetermined 
method criteria may require additional method development and/or valida- 


tion. Sometimes the results of a validation may not exactly meet the goals 
or criteria set out before starting. If the method still can be used to obtain 


adequate results (even though the original goals are not met), a proper 
explanation and documentation in the validation report are adequate. Since 
method validanon i is often performed i in stages (preliminary validation early 


than one report often is required. 
Therefore, a formal system to document changes and additional information 
is recommended. 


A second requirement is-a formal, -written_procedurethat-can_be-used_by. 
others to perform the method routinely. The developer of an HPLC method 
may unconsciously perform certain steps without realizing that these are im- 


portant for executing the method properly. Detailed _procedures-must—be 
passed on in writing to others who will use the method. 
Two general approaches often are used for method description. The first 


is to describe the method in preliminary abstract form, typically in a 2- to 5- 
page writeup. The contents of such a description are shown in Table 15.1 
along with typical examples. Sufficient detail should be provided so that an 


experienced analyst can run the method adequately. This level of method 
write-up typically is provided in submissions to regulatory agencies, such as 
the FDA or EPA. Therefore, the method description should be sufficiently 


detailed to allow a proper review for intended use. 
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TABLE 15.1 General Method Description (Abstract) 


t- Method overview (including separation principles and intended use of the 
method). Example: This method uses reversed-phase HPLC for the 
determination of impurities in a drug substance. The method is applicable to the 


analysis-of purified drug substance in its final form. 


2. Instrumental parameters. Include instrumentation needed (specific models or 
manufacturers if necessary); composition of mobile phase, including gradient 


autosampler, detector (including wavelength for analysis and reference); a 
desenp ioe of column type and source. 


chemicals (pobi including sources) needed for the method: : a description of 
preparation of sample and standard solutions, including concentration, pH 


4. System suitability. Describe experiments to assess system suitability. 
5. Sample analysis, Describe procedures used to analyze a typical sample, including 
any standards analysis. 


6. Sample of calculations and/or data analysis. Give a typical example of 
calculations needed and/or data analysis performed. 
7. Sample chromatogram. Provide a typical example of an expected chromatogram. 


This might include more than one example and should be labeled if multiple 
peaks are expected to be present. 
8. References. Include appropriate references to outside literature, reports, 


troubleshooting guides, etc. 


A second approach for method writeup is to provide a detailed description 
of each step required to perform the method. This is often referred to as a 


———— standard operating procedure (SOP)- this type of writeup (typically 16 pages 
or more) is especially desirable when the method is to be performed by those 
having little experience with similar methods or with less-skilled analysts. 


Each step should be described in detail to minimize confusion in running the 
method properly. This type of writeup often is used when transferring a 
method to a production or quality-control laboratory. 


Whichever technique is used to describe the method, it is recommended 
that an analyst not involved with the method read the method description 
(and even execute the method) to ensure that instructions are clear and 


concise. A well-designed and validated method is of little use if not properly 
documented for transfer to the appropriate laboratory. 


15.133 INTERLABORATORY CROSSOVER 


——___—_SFUDIES_(FRANSFERABHETY) 


A validated method often will be used in other laboratories. Therefore, a 


format- method transfer or interlaboratory crossover study should be per- 
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formed to qualify the other laboratory. This step can be performed as part 
of the initial method validation, but often occurs later when the need arises. 


The method validation report and the method description can serve as the 
basis for the method transfer. However, a formal protocol describing the 
required experiments is also recommended. This should also involve formal, 


method-specific training of the personnel in the receiving laboratory before 
starting the crossover studies. Representative samples should be used for this 
study, and care must be taken to ensure that these samples are homogeneous 


and identical for both laboratories. The purpose of the method transfer is to 
assess the method performance, not possible changes in sample or matrix. 
Often a “control lot” of material or a reference sample is used for these studies. 


15.13.1 Determining Equivalence 


An important aspect of any method transfer or crossover study is determining 
whether the results are equivalent. Typically, statistical tests are used, such as: 


> t-test 
F-test 


- Analysis of variance (ANOVA) 
> Q-test 


Each of these tests has a specific purpose in analyzing data. The t-test 
compares the mean results obtained from two experiments or determines if 


a sample mean is different from a standard value. An F-test is used to compare 
the variances obtained from two studies. Analysis of variance (ANOVA) 
techniques are used to compare more than two sets of data, such as multiple 


laboratories in the same test. Statistical equivalence is usually evaluated by 
comparing the data at the 95% confidence level. When performing these 


analyses and comparisons, data will occasionally fall outside the range of 
acceptable values. In this case, the data may be statistically rejected by the 
appropriate use of a Q-test (also known as the Dixon criteria). Further details 


on-_the-use_of these_-methods-can_be_found_in-_any_good-statistical reference 


book, such as Refs. 19, 20, or 21. 
In some cases, pausal PEAR is not ahbraingd, Saullo if the 


method is very of 8.5% 
(RSD) in one laboratory nd the mean assay valie: obtained i in two different 
laboratories are different by 1.5%. This would indicate a statistically significant 


bias in the results. However, if the analysis required results to be measured 
only within 2% of the actual value, this difference would be of no practical 
significance. In those cases it may be necessary to determine analytical equiva- 


lence of the data sets by judging whether the differences observed are meaning- 
ful compared to the specifications, sample variability, day-to-day variability, 
or other criteria. The lack of statistical equivalence by itself is not sufficient 
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TABLE 15.2 Method Validation Protocol Example 


Major Component Assay of an Active Drug Substance in a Pharmaceutical 


Formulation 


apea 


saben: These would include eynthetic a aie to the final hesba 
other chemicals and solvents used in the reaction, and/or reasonable 


ed_from_analyte_peak_by_R, = 2. 


2. Inject a saipe of other excipients used | to emake the tablet. All compounds 
separated from analyte peak by R, = 2. 


3. Subject the drug substance and/or tablet form to the following conditions for 
sufficient time to achieve 10 to 30% degradation of the initia] material: 
a. 0.1 N HCI (acid) 
b. 0.1 N NaOH (base) 


c. 50°C (heat) 
d. 600 foot-candles of UV light 
e. 3% hydrogen peroxide solution 


If these conditions are too extreme and result in > 30% degradation, change 
the strength and/or time of degradation. More extreme conditions than this 
should be avoided unless it is likely that the compound ultimately will be 


subjected to these extremes. All compounds generated are separated from 
analyte peak by 
R, = 2. 


4. Collect the analyte peak for the drug substance and: 
a. Re-inject on a different chromatographic method (another HPLC method, 
CE, GC, etc.) 


b. Analyze the peak (either before or after solvent stripping) by other spectral 
techniques (IR, NMR, MS). 
No appearance or other evidence of additional compounds. 


5. Collect the analyte peak for the drug substance in three parts (beginning, 
middle, and end) and re-analyze by the same HPLC method (see Fig. 15.5). No 
appearance or other evidence ethene shape) of additional Sompa 


reversed- -phase, solvent e, E aeni slope Pa a teiden separation), 
temperature, ionic strength and/or pH of buffer, etc.), and look for additional 


peaks separating from the analyte peak. No appearance or other evidence of 


additional compounds. 


Accuracy 


7. Into a solution of blank matrix for the tablet (containing all ingredients except 
for the drug substance), spike the drug substance at levels of 50, 75, 100, 125, 
and 150% of the target level in the tablet. This procedure should be performed 


at least three times using separately prepared blank matrix and drug substance 
and preferably over 2 or more days. The results of analysis by the HPLC 
method should be compared to the known amount added for each spike. 


Average recovery of analyte should be 99 to 101% at each level. 


(Continued ) 
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TABLE 15.2 (Continued) 


Linearity 


8. This characteristic should be evaluated as part of the accuracy study above. 


at least the range anticipated for routine analysis. An extended range can also 
be examined (< 50% of target level and > 150% of target level) if desired for 


drug substance used in process work, etc.). Method should exhibit linearity in 
the desired range. Linearity should be measured and reported as a constant 


response factor over the range of desired measurements. 
Precision: Repeatability of Injection 
9. Prepare a standard solution of the drug substance (in the mobile-phase solvent, 


preferably). Inject a sample from the standard solution at least 10 times 
(preferably more—up to 30 or 40 is sometimes desirable). Measure the 
response for each injection and calculate the precision using Eqs. 15.1 to 15.3. 


Relative standard deviation (RSD) should be = 1.0%. 


Precision: Repeatability (Intra-Assay) 
10._ Individual itipl luti f the d t “in tt bile- 


phase solvent, preferably). Inject a sample from each solution at least three 
times. Measure the response for each injection and calculate the precision using 


Eqs. 15.1 to 15.3. Relative standard deviation (RSD) should be = 2.0%. 


Precision: Intermediate 
11. Assay a sample of the drug substance several times over a period of at least a 


few days (in the mobile phase solvent, preferably). Include appropriate 
standard preparations and use the prescribed method conditions, but on 
different instruments, analysts, and so on. Determine the assay value for each 


Sample and calculate the precision using Eqs. 15.1 to 15.3. Relative standard 
deviation (RSD) should be = 2.0%. 


Range 


12. The usable range for the method can be determined from the accuracy, 
linearity, and precision studies done above. Usable range should encompass all 
levels for typical routine analysis. Linearity, accuracy, and precision should meet 


the requirements listed above for all levels in the range. 


Limit of Detection 


13. Using a standard solution of drug substance that results in an S/N’ ratio of at 
least 30, sequentially dilute the sample and measure using the HPLC method. 
Continue dilutions until the S/N’ ratio is approximately 3. 


Limit of Quantitation 
14. Using a standard solution of drug substance that results in an S/N’ ratio of at 


15.13 INTERLABORATORY CROSSOVER STUDIES (TRANSFERABILITY) 711 


TABLE 15.2 (Continued) 


least six different injections of each solution) with the HPLC method. Continue 


this process until one of the following occurs: 
a. The S/N’ ratio is approximately ~ 10. 
b. The calculated precision (SD) for any set of six measurements is = 3% (or 


whatever SD deemed appropriate for the required level of quantitation). 


Stability 


15S l bility. P lard soluti fd f in the tabl 


matrix and analyze the same solution repeatedly. If only short-term stability is 
needed, the analyses can be performed in one day. Longer-term stability of the 


same sample solution may be determined over days or even weeks, if required. 


16. 


Stability of sample should be sufficient to perform the method routinely under 
normal laboratory conditions. 
Reagent stability. Check the stability of each critical reagent, including (but not 


necessarily limited to): 
a. Solvents 
b. Buffers 


c. Additives 
Stability of reagents, solvents, and so on, should be sufficient to perform the 
method routinely under normal laboratory conditions. 


Ruggedness 


17. 


In a manner similar to stability studies, a standard solution of the drug 


substance-with-matrix-should_be-analyzed 


conditions. The measured value of the drug substance level and effects on 
precision, retention, and separation fection should be noted. The conditions 


a. Different Satoh in the same lab 
b. Different instruments in the same lab 
c. Different laboratories 


d. Changing source of reagents and solvents 
e. Changing to a new column (same type and manufacturer) 
The method should be rugged enough with respect to all critical parameters so as 


to allow routine laboratory use. 


Robustness 
18. Change (slightly) parameters of the separation including percent organic solvent 


(+2 to 5%), gradient slope (by 2 to 5%, if appropriate), column temperature 
(+1 to 5°C), buffer pH (up to +0.5 pH unit), buffer ionic strength, level of 


additive(s) in the mobile phase. Representative chromatograms should be 


prepared to show the effects of each variable measured, compared to the 
normal method conditions. Plots or tables of measured results (response factors, 


assay_-value-determined, ete.) should_also -be providedThe method -should_be 
robust enough with respect to all critical parameters so as to allow routine 
laboratory use. 


“For each parameter we describe a possible experiment and show the most desirable results in 
italic type. 
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to deem a method unusable if the differences are not analytically significant 
(i.e., significant to the user of the data). 


Proper method validation, documentation, and transfer are critical to the 


long-term success of any HPLC method. Systematic method development will 
provide some data on method ruggedness, but a well-designed and executed 


validation still is required. 


15.14 METHOD VALIDATION PROTOCOL 


A suggested sample method validation protocol is shown in Table 15.2 (pages 
709-711). This example is for the reversed-phase HPLC assay of a drug 
substance in a tablet, but the general principles can be applied to other analy- 


ses, such as assay of pure drug substance, impurity methods, or trace-level 
determinations of contaminants. The desired results will vary depending on 
the type of analysis method and the expected rigor or measurement needed 


(i.e., specifications for an analyte, control levels, etc.). The studies are listed 
roughly in the order normally performed, but are subject to change depending 


on the needs of a particular method. 
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APPENDIX I 


PLATE NUMBER 
AND RESOLUTION 


I1 GAUSSIAN BANDS 


When HPLC separations are carried out correctly, individual bands will closely 


resemble a Gaussian curve as in Fig. 1.1. The standard deviation o of a Gaussian 
band (W = 4a) can be calculated as 


= 8, (11) 


Here tpr is the band retention time and N is its plate number. Figure I.1 shows 
how band width is related to the distance from the baseline. For example, 


baseline bandwidth W measured by the tangent method equals 40. This same 
value can be measured by drawing a line parallel to the baseline between 
points on the curve with values that are 13.4% of the peak height (see Fig. 


1.1). Bandwidth at halfheight w,,. equals (2.354/4)W or 2.3540. These relation- 
ships lead to Eqs. 2.8 and 2.84 which are used to calculate values of N. Because 


most bands are slightly asymmetric (non-Gaussian), the value of N cal- 


culated for a band will generally be lower when W is used than when wn is 
used. 


I.2 SAMPLE RESOLUTION AND RELATED ERRORS 


Adjacent bands that overlap to a greater or lesser extent can be approximated 
by adding the individual Gaussian bands together. For bands that are 
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I Tangents drawn to the 


HE inflexion points 


1.000 


0.882 


Inflexion points 


0.607 —— wi = 20 


0.500 — wh = 2.3540 


a—— V 


X Peak height of maximum 


0.324 


0.134 


0.044 


Ge se aes Se ee 


wp = 40 


FIGURE 1.1 Gaussian band and some related relationships. (Reprinted with permis- 


sion from Ref. t.) 


perfectly Gaussian, therefore, separation as a function of resolution R, can 


be calculated exactly. This is illustrated for two adjacent bands in Figs. 1.2 
to I.7. The solid curve in each case is what would be seen in the chromato- 


of the band for the injection of a single compound. When R, > 1.0, the 
points and the observed tops of the two bands coincide, indicating little 


error in a peak-height measurement due to interference of the other band. 
A visual comparison of actual overlapping bands with the examples of 
Figs. 1.2 to 1.7 allows an estimate of the value of R, for the two bands 


inthe i ; 
The arrow shown in each of the examples of Figs. I.2 to I.7 indicates the 
cut point that would provide equal purity (% shown) of each fraction. For 


716 APPENDIX I 


Band Size Ratio = 1/1 


R, = 0.4 0.5 0.6 0.7 


FIGURE I.2 Calculated resolution curves for different values of R, and band pairs 


with an area ratio of 1:1. (Reprinted with permission from Ref. 2.) 


Band Size Ratio = 2/1 


R= 0.4 0.5 0-6 0.7 
85 
| 92 
0.8 1.0 1.25 
94 
U 98 


FIGURE 1.3 Calculated resolution curves for different values of R, and band pairs 


with an area ratio of 2:1. (Reprinted with permission from Ref. 2.) 
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Band Size Ratio = 4/1 


R, = 0.4 0.5 0.6 0.7 
90 
0.8 1.0 1.25 
95 
99.5 
l 
FIGURE L4 Calculated resolution curves for different values of R; and band pairs 


with an area ratio of 4:1. (Reprinted with permission from Ref. 2.) 


Band Size Ratio = 8/1 


R, = 0.4 0.5 0.6 0.7 
94 
| 
0.8 1.0 1.25 
96 
| 98 99.5 
| 
| 
———————- FIGURE ES Calculated resolution curves _for_different-values_of , and band_pairs 


with an area ratio of 8:1. (Reprinted with permission from Ref. 2.) 


Band Size Ratio = 16/1 


R, = 04 0.5 06 07 
96 
4 
08 1.0 1.25 
97 99 99.6 


l t | 


FIGURE L6 Calculated resolution curves for different values of R, and band pairs 
with an area ratio of 16:1. (Reprinted with permission from Ref. 2.) 


Band Size 
Ratios 


128/) 


64/1 


32/1 


FIGURE I.7 Calculated resolution curves for different values of R, and band pairs 


with area ratios of 32:1, 64:1, and 128:1. (Reprinted with permission from Ref. 2.) 
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—_—————- FIGURE £8— Measuring the retative vattey height for two overlapping bands. (Re- 


printed with permission from Ref. 2.) 


example, for R, = 0.7 in Fig. I.3, if the mobile phase is collected as fraction 
A to the time indicated by the arrow, and as fraction B thereafter, the purity 


of compound A in the first fraction will equal 92%, and the purity of compound 
B in the second fraction will equal 92% (‘‘equal-purity”’ cutpoint). By rejecting 
material near the cutpoint, the purity of each fraction can be increased substan- 


tially. 
Figures I.2 to I.7 provide visual estimates of the error in a peak-height 
measurement as a result of insufficient sample resolution. Similar estimates 


in the error of a band-area measurement can be obtained from the height 
of the valley between the two peaks (Fig. 1.8). This valley height k, is 


______sexpressed_as_a_percentage_of the height of the smaller of the two bands. 


TABLE 1.1 Cs in B Dye 
Function of the Height of the Valley Relative to the Height of the 
Smaller Band (4,)° 


Error (%) in the Area of the Smaller Band 


Value of h, (%) 2/1 4/1 8/1 16/1 
10 <t <4 <t <} 
20 <1 1 1 1 
30 1 2 2 2 
40 ł 2 3 3 
50 2 4 4 5 
60 3 5 6 7 
70 5 7 8 9 
* Assumes band areas calculated from perpendicular drop through the valley, as line h, 


in Fig. 1.8. 
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TABLE I.2 Estimating Resolution R, from the Valley Height h,” 
R, for Band-Size Ratio Indicated 


h, (%) 1⁄1 2/1 41 8/1 16/1 
3 1.46 1.50 = = oe 
5 1.35 r42 1.48 1.52 = 
8 1.26 1.33 1.40 1.45 aes 
10 1.22 1.29 1.35 1.41 1.47 
15 114 t2t t27 t33 t39 
20 1.07 1.15 1.21 1.27 1.33 
30 0.97 1.06 1.12 1.19 1.24 
40 0.90 0.98 +06 +2 +48 
50 0.83 0.92 1.00 1.07 1.12 
60 0.78 0.87 0.95 1.02 1.08 
7 0.73 0.82 0.90 0.97 1.03 
80 0.68 0.78 0.86 0.93 0.99 
a See Fig. 18. 


Table I.1 summarizes these errors in band area, assuming that a perpendicular 


drop from the valley divides the areas of the two bands for integration. 
The error is always less than 1% for the larger band and can be ignored. 
Table 1.2 allows a more precise estimate of values of R, from measured 


values of the valley height h,. When h, < 10%, Eq. 2.1 can also be used. It 
should be noted that the values of Tables I.1 and I.2 assume no band tailing. 
Band tailing in actual chromatograms will usually affect the data of Tables 


1.1 and 1.2 significantly, especially when the band-area ratio is greater than 
10. This can make estimates of error (Table I.1) or resolution (Table I.2) unre- 
liable. 
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APPENDIX H 


PROPERTIES OF SOLVENTS USED 
IN HPLC 


Chromatographers have a choice among hundreds of solvents for use as 
mobile-phase components, sample solvents, or in sample pretreatment. A 


particular selection is usually affected by solvent characteristics that relate to 
detection, separation, flow resistance (column pressure drop or mobile phase 
viscosity), and miscibility. Commercial availability in adequate purity and at 


a reasonable price are also important factors. The solvent properties described 
in this appendix will be useful to chromatographers when it comes to selecting 
one or more solvents. 


IL1 DETECTION 


The choice of mobile-phase solvent can have a profound effect on the ease 


and sensitivity-of HPLC detection_The lowestusable_(cutoff} wavelength is 
important for UV detectors (Tables 3.2 and 3.3), solvent refractive index (RI) 
affects the sensitivity of RI detection for a particular sample, and solvent 


VOIA VDO g po porta O Vaporativ git-Sca g G ors. 
Table II.1 summarizes these and other properties that may affect detection 
for a number of common solvents. Additional data are provided for most 


HPLC-grade solvents in Refs. 2 and 3 (e.g., complete UV spectra for most 
HPLC-grade solvents, blank gradients for some A- and B-solvent combina- 
tions, etc.). 


I.2 SEPARATION 


Mobile-phase solvents can affect separation by their polarity and selectivity. 
More polar solvents cause increased retention in RPC and reduced retention 
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TABLE I1.1 Some Solvent Properties of Interest in HPLC Method Development* 


Eluotropic Values 


UV Refractive Viscosity Boiling Point Miscibility Polarity 
Solvent Cutoff (nM) Index (20°C) (cP) Ce Number (M) {P9 Alumina — €g Silica 
Acetone 330 1.3587 0.36 56.29 15,17 5.1 0.56 88 0.53 
Acetonitrile 190 1.3441 0.38 81.60 11,17 5.8 0.65 3.1 0.52 
n-Butyl acetate 254 1.3942 0.734 126.11 22 4.0 — — — 
t-Butanol 215 1.3993 2.98 117:5 15 3.9 = = = 
Chlorobenzene 287 1.5249 0.80 131.69 21 2.7 — — — 
t-Chlorobutane 220 +4021 0:45 78.44 = +0 = = = 
Chloroform 245 1.4458 0.57 61.15 19 4.1 0.40 — 0.26 

200. 4.4242 1.0 80.72 28 0.2 0.04 — — 
Cyclopentane 200 1.4064 0.44 49.26 — 0.1 0.05 — — 

200 1.4758 2.42 191.7 — — — = — 
o-Dichlorobenzene 295 1.5514 1.32 180.48 — 2.7 — — — 
Dimethyl acetamide 268 1.4384 0.84 166.1 — 6.5 — — — 
Dimethyl formamide 268 1.4305 0.92 153.0 12 6.4 — 7.6 — 
Dimethyl sulfoxide 268 1.4783 2.24 189.0 9 7.2 0.62 — — 
1,4-Dioxane 215 1.4224 1.37 101.32 17 48 0.56 H.7 OSI 
Ethyl acetate 256 1.3724 0.45 77.11 19 44 0.58 — 0.48 
Ethylene dichtoride 228 14448 0.79 83.48 = 35 0:49 = = 
Ethyl ether 215 1.3524 0.24 34.55 23 2.8 0.38 — 0.43 
Glyme 220 1.3796 0:46 83.5 
Heptane 200 1.3876 0.40 98.43 29 0.1 0.01 — 0.00 

L~~ Hexadecane 190 1.4340 — 287.0 — 0.5 — — — 

Hexane 195 1.3749 0.31 68.7 29 0.1 0.01 — 0.00 
Isooctane 215 1.3914 0.50 99.24 29 0.1 0.01 — — 
Isobutyl alcohol 220 1.3959 — 107.7 15 4.0 — — — 
Isopropyl alcohol 205 1.3772 2.40 82.26 15 3.9 0.82 8.3 0.6 


Methanol 205 1.3284 0.55 64.7 12 5.1 0.95 10 0.7 


2-Methoxyethanol 210 1.4020 1.72 124.6 — 5.5 — — — 


MethyHert-butyl-ether 2 +3689 0.27 55.2 = 25 6:35 = 0.48 
Methyl ethyl ketone 329 1.3788 0.43 79.64 17 4.7 0.51 — — 
Methyl isobutyl ketone 334 1.3957 0.506 116.5 — 4.2 0.43 — — 
Methyl n-propyl ketone 331 1.3901 0.51 102.4 — 4.5 — = = 
Methylene chloride 233 1.4241 0.44 39.75 20 3.1 0.42 — 0.30 
n-Methyl-2-pyrrolidone 285 1.4680 1.67 202.00 — 6.7 — — — 
Pentane 190 1.3575 0.23 36.07 — 0.0 0.00 — 0.00 
Propyl alcohol 210 1.3856 2.3 97.2 — 4.0 0.82 — — 
Propylene carbonate 280 1.4210 — 241.7 — 6.1 — — — 
Pyridine — 1.5102 0.95 115.25 16 5.3 0.71 — — 
~~~ Fetrahydrofuran 212 t4072 0:55 66.0 17 40 0.45 3.7 053 
Toluene 284 1.4969 0.59 110.62 23 2.4 0.29 — 0.22 
1,2,4-Trichlorobenzene 308 15747 0:566 213.5 — — — = 
Trichloroethylene 273 1.4767 0.567 87.19 25 1.0 — — — 
Trichlorotrifluoroethane 231 1.3557 0.711 47.57 — 0.0 — — 0,02 
Trifluoroacetic acid 210 1.2850 0.926 71.8 — — — — — 
Water 190 1.3330 1.00 100.0 — 10.2 — — = 
o-Xylene 288 1.5054 0.81 144.41 — 2.5 0.26 — — 


Source: Ref. 1; Origi 


* Missing values indicate that data are unavailable. 


» All pairs whose M numbers differ by 15 units or less are miscible in all proportions at 15°C. Each pair whose M number difference is 16 has a critical solution __| 
temperature between 25 and 75°C, approximately 50°C preferably. A difference of 17 or more corresponds to immiscibility or to a critical solution temperature 
above 75°C. Miscibility data were obtained from Ref. 4. 
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TABLE I1.2 Classification of Solvents According to Normalized Selectivity” 


Factors 


Factors 


Solvent 


Aromatics Amines 
Benzene 0.86 0.00 0.14 Triethylamine 0.16 0.00 0.84 
Toluene 0.83 0.00 0.17 Tributylamine 0.20 0.00 0.80 
-Xylene 0.81 0.00 0.19 ee 

Husssbeubene 0.90 0.00 0.10 Cappo YNGRES 
Chlorobenzene 0.91 0.00 0.09 Acetic acid 0-31 0:54 0.15 
Bromobenzene 0.93 0.00 0.07 Esters 
ilodobenzene Tog 0:09 om Methyl acetate 0.55 0.05 0.40 
Phenyl ends De ee nae Ethyl acetate 0.55 0.00 0.45 
Anisote 0:77 9:99 0:23 y-Butyrolactone 0.64 0.00 0.36 
Nitrobenzene 0.72 0.00 0.28 Ethylacetoacetate 0.60 0.00 0.40 
Benzonitrile 0.69 0.00 0.31 
Dibenzylether 0.66 0.00 0.34 Ethers 

0.65 0.00 0.35 Diethyl 0.36 0.00 0.64 
Quinoline 0.58 0.00 0.42 Diisopropyl 0.36 0.00 0.64 
Pyridine 0.58 0.00 0.42 Dibutyl 0.34 0.00 0.66 
2,6-Lutidine 0.51 0.00 0.49 Tetrahydrofuran 0.51 0.00 0.49 
Benzyl alcohol 0.45 0.32 0.22 1,2-Dimethoxyethane 0.54 0.00 0.46 

p-Dioxane 0.60 0.00 0.40 


Alcohols 


Methanol 0.28 0.43 0.29 
Ethanol 0.25 0.39 0.36 Acetone 0.56 0.06 0.38 
Propanol 0:24 0:36 040 2-Butanone 0:55 0:05 0:40 
Butanol 0.22 0.37 0.41 Cyclohexanone 0.59 0.00 0.41 
pa 09 a oa i aa 
t-Butano ; . . ee ck 

E . .25 
Glycol 039 0.38 0.23 Acetonitrile 0.60 0.15 0.2. 
Hexachloro-2-propanol 0.25 0.75 0.00 Nitro compounds 
Trifluorethanol 0.32 0.68 0.00 Nitromethane 0.64. 0.17 0.19 

Amides X-miscellaneous 

Formamide 0.46 0.33 0.21 Methylene chloride 0.73 0.27 0.00 
N,N-Dimethylformamide 0.56 0.00 0.44 Chloroform 0.57 0.43 0.00 
N,N-Dimethylacetamide 0.54 0.00 0:46 chloride T.00 0.00 0.00 
Hexamethylphosphoramide 0.46 0.00 0.54 Dimethyl sulfoxide 0.57 0.00 0.43 
Tetramethylurea 0.51 0.00 0.49 Sulfolane 0.83 0.00 0.17 
N-Methylpyrrolidinone Water? 0.45 0.43 0.18 


Source: Ref. 5. 
° See Fig. 2.5 for a plot of these values. 
b The B aiue used D Wale was 0:48 
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TABLE II.3 Viscosity of RPC Mobile Phases as a Function of Composition 


and Temperature 


(a) Mobile-phase viscosity at 25°C (ms) for reversed-phase systems 


ms (cP)* 
Mobile Phase(%v organic/water) MeOH ACN THF 
0 0.89 0.89 0.89 
10 1.18 1.01 1.06 
20 1.40 0.98 1.22 
36 t56 0.98 1.34 
40 1.62 0.89 1.38 
50 1.62 0.82 1.43 
60 1.54 0.72 LH 
70 1.36 0.59 1.04 
80 1.12 0.52 0.85 
90 0.84 0.46 0.75 
100 0.56 0.35 0.46 


a MeOH, methanol; ACN, acetonitrile; THF, tetrahydrofuran (THF values approximate). 


(b) Variation of the viscosity (cP) of methanol-water and acetonitrile~water mixtures 
with temperature? 


Water Content (%, v/v) 


remperature: sise 
(°C) 0 10 20 30 4 SO 6 70 8 90 = 100 
15 0.63 1.05 140 169 T91l 202 200 1.92 1.72 143 1.10 
0.40 0.54 0.70 081 089 0.98 1.09 1.30 1.23 1.18 1.10 

20 0.60 0.93 1.25 152 1.72 1.83 183 1.75 157 1.32 1.00 
0.37 0.50 0.56 0.69 0.81 0900.99 t.13 t.10 114 1-00 

25 0.56 0.84 1.12 1.36 1.54 1.62 162 1.56 1.40 1.18 0.89 
0.35 0.46 0.52 0.59 0.72 0.82 0.89 0.98 0.98 1.01 0.89 

30 6.51 0:76 t04- t24} t36 t43 t43 t36 4.23.04 0.79 
0.32 0.43 0.45 0.52 0.65 0.74 0.80 0.86 0.87 0.90 0.79 

35 0.46 0.69 0.91 1.09 1.21 126 124 1.19 1.07 0.92 0.70 
0-30—0:-39—0-43—0:47—0:59—0:-68—0:72—0:-76—0-78—0:-73—0:-70 

40 0.42 0.64 0.83 0.98 108 1.12 1.11 105 0.96 0.82 0.64 
0.27 0.36 0.41 0.44 054 0.62 065 0.68 0.70 0.72 0.64 

45 0.39 0.58 0.76 0.89 0.98 1.02 1.00 0.96 0.87 0.75 0.58 
0.25 0.33 0.38 0.43 0.50 0.58 0.59 0.61 0.64 0.61 0.58 

50 0.37 0.54 0.70 0.82 0.90 0.94 0.93 0.89 0.82 0.71 0.54 
0.24 0.31 0.36 0.41 0.46 0.53 055 0.57 0.60 0.60 0.54 

55 0.36 0.50 0.65 0.76 0.84 0.88 0.88 0.84 0.77 0.67 0.51 
0.23 0.29 0.34 038 0.43 0.49 051 053 056 053 0.51 

60 0.33 0.47 0.61 0.72 0.79 0.81 0.81 0.77 0.70 0.61 0.47 
0.22 0.27 0.31 035 041 046 049 0.50 0.53 0.52 0.47 

65 0.28 0.45 0.59 068 0.72 0.72 0.69 0.64 058 051 0.40 


* The composition is given in % (v/v) of water at 20.S°C. Upper figures, methanol-water mixture; 
lower figures, acetonitrile-water mixture. 
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in NPC. Table II.1 lists polarity values P’ for 46 solvents. These polarity values 
range from P’ = 0 for a non-polar solvent like pentane to P’ = 10.2 for the 


very polar solvent- water. Relative solvent strength values for some-of these 
Meals are also listed in Table II.1 for use in normal-phase (alumina, silica) 
chromatography. See also Figs. 6.4 (reversed-phase), 6.23, and 6.24 (normal 


phase). 
Selectivity depends both on solvent polarity and the position of a solvent 
in the solvent-selectivity triangle (Fig. 2.7). The latter classification of solvent 


selectivity is based on the interaction of the solvent with sample molecules 
as a dipole, an acid, or a base. Table II.2 summarizes these selectivity interac- 
tions (x = 2*/2, a/%, BIZ) for a number of common solvents. The x values of 


Table II.2 are normalized in terms of solvent polarity, so if different strong 
solvents B are diluted with a weaker solvent A to give mobile phases AIB of 
the same 


mainly by the selectivity factors x of Table II.2. By choosing solvents with 
very different selectivity factors from Table II.2, mobile-phase selectivity can 
be vared sien 


The first column of values in Table II.2 (x = 7*/%) gives the fractional 
polarity of e solvent due to spole interactions, the second paluma ( = al 


column (x = BIS) ives the fractional polarity due to HNS basicity: For 
example, among the alcohol solvents, methanol receives 28% of its polarity 


from its dipole, 43% from its acidity, and 29% from its basicity. Similarly, 
among the amine solvents, triethylamine has 16% of its polarity from its dipole, 
and 84% from its basicity; it has no acidity for chromatographic separation. 


H.3— SOLVENT VISCOSITY 


To maintain an acceptable pressure drop (< 2500 psi or < 160 bar) with a 


reasonable fiow-rate through the column, the-mobile-phase-viscosity-should 
be as low as possible. Pressure drop is proportional to mobile-phase viscosity 
(Eq. 2.9). Viscosity values 7 at 20°C for several pure solvents are listed in 


Table II-1. For non-aqueous mobile phases (NPC or NARP), the viscosity 7 


can be estimated as a function of the viscosities of the A- and B-solvents (na 
and ns) and their mole fractions (X, and X;,): 


log(n) = Xa log(n.) + Xp log( np) (11.1) 


The volume fractions of each solvent can be substituted for X, and X, in 
Eq. II.1 with little error. Equation II.1 is not reliable for mobile phases that 


contain water, due to their non-ideal behavior as a result of the very strong 
interactions between water molecules. Viscosities at 25°C for RPC mobile- 
phase mixtures are listed in Table II.3a. Viscosity decreases with temperature, 
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as illustrated in Table II.3b for mobile-phase mixtures that were recommended 
in Chapter 9 (acetonitrile-water and methanol—water). 


I.4 SOLVENT MISCIBILITY 


Mobile phases formulated for HPLC separations must be miscible, preferably 
in : f ae 


in all proportions can be estimated by calculating the difference in their 
miscibility numbers M, shown in Table II.1. For example, hexane has M = 
29 and-acetonitrile has M = H, so-the-difference_is 29-—_11_= 18. If-this 


difference is >17, the two solvents will not be miscible in all proportions, 
which is the case for hexane and acetonitrile. Water is miscible with a limited 


range of organic solvents, mainly those with polarity values P’ equat to 5 or 
greater and including ethanol and propanol. 
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APPENDIX HM 


RETENTION IN REVERSED-PHASE 
AND NORMAL-PHASE HPLC AS 


A FUNCTION OF SAMPLE 
MOLECULAR STRUCTURE 


In this book we recommend an approach to HPLC method development that 
largely ignores the structures of individual sample compounds. One exception 


is the case of samples that contain acidic or basic compounds, where predict- 
able changes in retention can be created by a change in mobile phase pH 


(Section 7.2). If ion-pair or ion-exchange chromatography is used for such 


samples, it is useful to know whether the sample contains acidic or basic 
compounds. Another exception occurs for “special” samples (Fig. 1.3), which 


benefit_from_separation_conditions_that_are_generally_different_from_those 
chosen for “regular” samples; see Chapters 11 and 12. 
If a separation method is required where the molecular structures of the 


sample-compounds—are-known, itis 
for either reversed-phase (RPC) or normal-phase (NPC) separation. Such 
predictions are usually quite approximate, but even rough estimates of reten- 


tion may be heipfut in some cases. See the further discussion of Section 10.5.1, 
which describes a computer program for reversed-phase HPLC based on 
this approach. 


HL SUBSTITUENT EFFECTS 


In Table III.1 the effect on retention of adding a substituent group to an 


aromatic molecule is shown for some representative RPC and NPC conditions. 
For example, adding an alkyl carbon (methyl or methylene group) to a sample 
molecule increases its RPC retention 1.5- to 2.5-fold, but has less effect on 
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TABLE II.1 Retention as a Function of Sample Molecular Structure for 
Substituted Benzenes: Effect on k of Different Substituent Groups 


Relative Value of k? 


RPC NPC 

Group 30% ACN 60% ACN Hexane CH2Ch 
Pheny! 12.3 3.2 13 1.5 
—Br 28 LF 0:7 0:6 
—CH; 2.5 1.5 1.2 0.9 
—CH2- 2.2 1.5 1.0 0.7 
=C] 2.3 15 0.7 0.4 
—F 1.3 1.0 0.8 0.7 
—OCH; 1.1 1.0 24 3.5 
=H? (1.0) (1.0) (1.0) (1.0) 
—CO,CH; 0.9 0.8 390 13 
—CN 0.5 0.6 310 10 
—CHO 0.4 0.6 410 13 
—OH 0.2 0.3 1,400 60 
—NH, 0.2 0.4 6,700 180 
—CONH, 0.1 0.2 90,000 1,800 
—SO,NH, 0.1 0.2 — — 


Source: Refs. 1 and 2. 


benzene (~ Ħ); Cj, column for RPC [1], silica for NPC [2]: 


> Compound before substitution (benzene). 


NPC retention (0.7- to 1.2-fold). Therefore, RPC is a better HPLC method 


for the separation of homologs or other compounds, differing only in alkyl 
carbon number. Similarly, adding a polar group such as hydroxyl to a sample 
molecule decreases its RPC retention (by a factor of 0.2 to 0.3), whereas this 


same change in molecular structure increases NPC retention (by a factor of 60 
to 5.1400); 1 a vety cami seperation of a e from. a hydroxylated 
13,-where_large 


due of a are E peren): NPC separation on a silica column would be 
preferred over a similar separation by RPC. 


Table HIE 1 shows that retention decreases with increasing substituent polar- 
ity for RPC and increases for NPC. That is, more polar compounds will elute 
first in RPC and last in NPC. The effect of a substituent group on retention 


decreases for a stronger mobile phase (e.g., 60% ACN vs. 30% ACN (RPC) 
or CH2Cl, vs. hexane (NPC) in Table III.1). A corollary to this observation 
is that a values usually decrease for higher values of % B, although there are 


important exceptions to this rule (Section 6.3.1). For silica as column packing, 
differences in solute functionality cause a larger change in retention than is 


____________ observed for RPC separation. Thus, other factors equal, NPC with silica will 
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give larger values of a for compounds differing in functionality. This increased 
selectivity for silica vs. RPC is not as pronounced when polar-bonded-phase 


ss packings are used for NPC separation. The RPC data of Table II.1 are for 


aromatic functional groups, but similar changes in retention are found for the 
same functional groups as aliphatic substituents. 


1.2 ISOMER SEPARATIONS 


As noted in Chapter 6, NPC is usually better for separating achiral isomers 


than RPC. This ability of NPC for isomer separations arises from two effects: 
(1) the more rigid or “ordered” structure of most NPC column packings, and 
sites_A_in 


(2) localization effects_as illustrated _in Fig. 6.21b. The adsorption 
Fig. 6.216 occupy fixed positions, and the polar solute groups X and Y will 
differ in their ability to interact with these sites according to the positions of 


groups X-and-Y within the-sample-molecule._Intramolecular_electronic_and 


TABLE II.2 Examples of Isomer Selectivity in NPC Separation 


(a) Separation of aniline isomers 


Normal Phase’ Reversed Phase? 
Compound k a a 
2,6-Dimethylaniline 2.8 
3,4-Dimethylaniline 9.5 3.4 1.02 
N,N-Diethyl-2-methylaniline 0.3 
2-Methyl-4-n-butylaniline 5.1 17 1.20 


~~~ Source: Ref-3: 


* Cyano column with 0.2% 2-propanol as mobile phase. 
> Cs column, 60% MeOH-buffer as mobile phase. 


(b) Separation of aromatic isomers on an alumina column with 10% CHCl, as mo- 


bile phase 

Compound k a 
m-Iodoanisole 2.2 

i 4.1 1.9 
1-Methoxynaphthalene 4.6 
2-Methoxynaphthalene 12.9 2.8 
Phenanthrene 6.5 
Anthracene 27.5 4.2 


Source: Ref. 4. 
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C2 
Cs N 
C3 
Co i C4 
C5 


20 15 10 5 (0) 15 10 5 0 
Minutes Minutes 
(c) 


FIGURE Illi Comparison of isomer separations by reversed-phase vs. normal- 
phase HPLC. (a) RPC separation of aniline mixture; 20 X 0.44-cm Cig column, 80% 


MeOH -buffer (pH 7.0), 0.75 mL/min [3]; (b) NPC separation of C-anilines from (a); 
20 x 0.44-cm cyano column, 0.2% 2-propanol~isooctane, 0.75 mL/min [3]; (c) RPC 
separation of five cis-trans isomers of retinol (bands 2 to 6); 15 X 0.46-cm C;g column, 


80% MeOH-water, 1 mL/min, 40°C [5]; (d) NPC separation of sample of (c), 25 Xx 
0.4-cm silica column, 8% dioxane-hexane, 1 mL/min, 40°C [5]. See the text for details. 
(Reprinted with permission from Refs. 3 and 5.) 
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steric effects will further affect the localization and interaction of individual 
sample substituents X and Y. As a result, isomeric mixtures of compounds 


are- usually better separated by NPC than by RPC, due_to -differences-in-the 
ability of different isomers to align their polar functional groups with adsorp- 
tion sites (somewhat like a lock-and-key fit). Several examples in Table III.2 


illustrate better isomer ions by NPC. 


In Table IiI.2a the separation of some aniline isomers by NPC with a cyano 
column is compared with RPC separation of these same compounds. In the 


first example, NPC separates 2,6-dimethylaniline from the 3,4-isomer with 
= 3.4. The RPC separation of these two compounds results in almost 
complete overlap (œ = 1.02). In the second example of Table III.2a, two 


isomeric Cs-substituted anilines are very well resolved by NPC (a = 17), 
whereas RPC separation is much poorer (æ = 1.20). 
In Table III.2b, NPC separation with alumina is shown for several aromatic 


hydrocarbon isomers: m- and p-iodoanisole, 1- and 2-methoxynaphthalene, 
and phe panti Ae ater In each case, a large value A a results 


adsorbents “ach as ales and alunite are more > ordered and rigid than their 
polar-bonded-phase counterparts, and the inorganic adsorbents therefore pro- 


vide-generally-better-separations-of- isomers. 
Figure III.1 compares NPC and RPC separation of isomeric compounds 
in two samples. In Fig. III.1a, a mixture of alkyl-substituted anilines is sepa- 


rated by RPC. Compounds of the same carbon number (Co = aniline, Cr = 
methyl anilines, etc.) are unresolved as shown further by the data of Table 
III.2a. However, compounds differing in carbon number are well separated 


from each other. Figure III-1b shows the further separation of the C, fraction 
(circled in Fig. III.1a) using NPC (cyano column); all eight isomers are re- 
solved. Figure III.1c and d compare the separation of five cis-trans isomers 


of retinol (bands 2-6) by (c) RPC and (d) NPC. The better separation of 
these isomers in (d) is apparent. 
A vast number of studies have been reported that attempt to further relate 


HPLC retention to molecular structure and separation conditions. For a sum- 
mary of some of these approaches, see Refs. 6 to 8 for RPC retention and 
Ref. 9 for NPC retention. 
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APPENDIX IV 


PREPARING BUFFERED 
MOBILE PHASES 


Buffered mobile phases can be prepared by the following sequence of opera- 
tions: 


1. Combine the buffer ingredients with water to obtain the aqueous buffer 


(solution A). 


2. Confirm or adjust the pH of solution A with a pH meter. 
3. Combine a given volume (e.g., 200 mL) of organic (solution B) with a 


giv 2. ion rom step 2 to obtain the 
final mobile phase (20% organic buffer in this example). 
4. Check the pH of the final mobile phase (optional). 


Because a pH measurement for a mobile phase that contains organic is unrelia- 
ble due to drift of the pH meter, step 4 above is only useful for detecting 


major errors in the formulation. Most laboratories elect to skip step 4. 
The usual approach in step 1 is to formulate aqueous buffers of differing 


pH-(AlL and A2), then i 
to obtain solution A with the desired pH. If the pH is adjusted in step 2, the 
same two solutions can be used to titrate the final buffer to the desired pH 


in most laboratories is usually no better than +0.05 to 0.10 unit, which can 
cause significant changes in the resolution of some samples. When an HPLC 


method is pH sensitive, step 2 should be used only for an approximate confir- 
mation of pH. By combining accurate weights of the buffer ingredients with 
accurate volumes of distilled and degassed water (without further adjusting 
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TABLE IV.1 Formulation of Low-pH Phosphate Buffers (25°C) of Some 
Desired pH 


Solution Al: 0.1 M phosphoric acid. For accurate buffer formulations, the phosphoric 
acid used to prepare this buffer must be titrated for the amount of H3PO, present. 


onopnosprnaie 


- H2O with water in a 1-L flask, dissolve, dilute to volume and mix thoroughly. 


pH Desired Volume (mL) of Al Volume (mL) of A2 
2.0 565 435 
2.2 455 545 
2.4 345 655 
2.6 250 750 
2.8 175 825 
3.0 110 890 
3.2 55 945 


Source: G. Gomori, in Meth. Enzymology 1, S. P. Colowick and N. O. Kaplan, eds., Academic 


Press, New York (1955) 145. 


TABLE IV.2 Formulation of Acetate Buffers (25°C) of Some Desired pH 


Solution Al: 0.1 M acetic acid. Combine 6.0 g (5.8 mL) of glacial acetic acid with 
water in a 1-L flask, dilute to volume, and mix thoroughly. 


Solution A2: 0.1 M sodium acetate. Combine 8.2 g of C2H302Na (or 13.6 g of C2zH302Na 
- 3H,O) with water in a 1-L flask, dilute to volume, and mix thoroughly. 


pH Desired Volume (mL) of Al Volume (mL) of A2 


3.6 926 74 
3.8 880 120 
4.0 820 180 
42 736 264 
4.4 610 390 
4.6 510 490 
4.8 400 600 
5.0 296 704 
5.2 210 790 
5.4 176 824 
5.6 96 904 


Source: G. Gomori, in Meth. Enzymology T, S. P. Colowick and N. O. Kaplan, eds., Academic 
Press, New York (1955) 145. 


pH), the pH of the buffer solution can be controlled within narrow limits 
(+0.02 unit). Buffer concentrates whose pH is known quite accurately are 


also commercially available. 
Acids or bases (e.g., triethylamine, acetic acid) are sometimes added to the 
mobile phase as a means of improving peak shape and plate number (Section 


TABLE IV.3 Formulation of Citrate Buffers (25°) of Some Desired pH 


Solution Al- 01 M citric acid Combine 21.0 gof citric acid with water ina t-E flask, dilute to 


volume, and mix thoroughly. 


Solution A2: 0.1 M sodium citrate. Combine 29.4 g of CgHsO7Na; - 2H,O with water in a 1-L 


flask, dilute to volume, and mix thoroughly. 


pH Desired Volume (mL) of Al Volume (mL) of A2 
3.0 930 70 
3.2 870 126 
3.4 810 190 
3.6 750 260 
3.8 700 300 
4.0 660 340 
4.2 610 370 
44 560 440 
4.6 510 490 
4.8 460 540 
5.0 410 590 
5.2 360 640 
5.4 320 680 
5.6 270 726 
5.8 230 764 
6.0 190 810 
6.2 140 856 
6.4 60 940 
6.6 40 960 
6.8 30 970 
7.0 15 985 


Source: G. Gomori, in Meth. Enzymology 1, S. P. Colowick and N. O. Kapłan, eds., Academic 
Press, New York (1955) 145. 


TABLE IV.4 Formulation of Intermediate-pH Phosphate Buffers (25°C) of Some 
Desired pH 


Solution At-O-4 ie sodi ine t3- PO 


water in a 1-L flask, dilute to volume, and mix thoroughly. 


Solution A2: 0.1 M dibasic sodium phosphate. Combine 26.8 g of Na-HPO; - 7H2O (or 35.9 g 


of NazHPO, ~ 12H20) with water in a 1-L flask, dilute to volume, and mix thoroughly. 


pH Desired Volume (mL) of A1 Volume (mL) of A2 
5.6 948 52 
5.8 920 80 
6.0 877 123 
6.2 815 185 
6.4 735 265 
6.6 685 315 
6.8 510 490 
70 390 610 
7.2 280 720 
7.4 190 810 
7.6 130 870 
7.8 85 915 
8.0 53 947 


Press, New York (1955) 145. 
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TABLE IV.5 Formulation of High-pH Tris” Buffers (25°C) of Some Desired pH 
Solution Al: 0.1 M Tris (free base). Combine 12.11 g of Tris with water in a 1-L flask, 


dilute to volume, and mix thoroughly. 


Solution A2: 0.1 M HCI. Obtain a 0.1M HCI solution or prepare by appropriate 


dilution of-a -stronger solution: 


pH Desired Volume (mL) of A1 Volume (mL) of A2 
FA 50 45-7 
7.2 50 44.7 
7.3 50 43.4 
7.4 50 42.0 
7.5 50 40.3 
7.6 50 38.5 
LI 50 36.6 
78 50 34.5 
79 50 32.0 
8.0 50 29.2 
8.1 50 26.2 
8.2 50 22.9 
8.3 50 19.9 
8.4 50 17.2 
8.5 50 14.7 
8.6 50 12.4 
8.7 50 10.3 
8.8 50 8.5 
8.9 50 7.0 


Source: R. G. Bates and V. E. Bower, Anal. Chem., 28 (1956) 1322. 
* Tris(hydroxymethyl)aminomethane 


7.3.3.2). When these additives are not used as the primary buffering agent, 


they_should_be_added_to the_desired_quantity_(concentration) of the_buffer 
first; then the mixture should be adjusted to the desired pH by titrating with 
acid or base. 


IV.1 RECIPES FOR SOME COMMONLY USED BUFFERS 


The pH of a buffered solution remains approximately constant as the buffer 
is diluted or concentrated, or when one ionized cation (Na*, K*) or anion 


(Cl, Br’) is replaced by another. The formulations of Tables IV.1 to IV.4 
are based on a final buffer concentration of 0.1 M and sodium as cation; 
however, formulations for other buffer concentrations and/or the use of differ- 


ent cations (potassium is usually preferred) can be inferred from these data. 
The pH of buffers that are more dilute or more concentrated, or which contain 
different cati iffer slightly from these values. The exact pH value of 
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TABLE IV.6 Formulation of High-pH Glycine Buffers (25°C) of Some Desired 
pH 


Solution At: 0.2 M Glycine. Combine 15.01 g of Glycine with water in a 1-E flask, 
dilute to volume, and mix thoroughly. 


Solution A2: 0.2 M NaOH. Obtain a 0.2 M NaOH solution or prepare by appropriate 


dilution of a stronger solution. 


pH Desired Volume (mL) of Al Volume (mL) of A2 

8.6 25 2.0 
8.8 25 3.0 
9.0 25 4.4 
9.2 25 6.0 
9.4 25 8.4 
9.6 25 11.2 
98 25 13.6 

10.0 25 16.0 

10.4 25 19.3 

10.6 25 22.75 


Source: G. Gomori, in Meth. Enzymology I, S. P. Colowick and N. O. Kaplan, eds., Academic 
Press, New York (1955) 145. 


the mobile phase is usually unimportant in method development. What is 


important is that the final pH of the mobile phase can be reproduced (prefera- 
bly within +0.02 unit) each time a new batch of mobile phase is prepared. 
Note that solutions only buffer effectively +1 pH unit from the pI of the 


ionizable constituent (e.g., acetate with a pI = 4.6 is an adequate buffer in 
the range pH 3.6 to 5.6; see Table IV.2). 
: bs hict 


are especially useful in the range pH 7 to 10.6. These organic buffers may be 
particularly useful to minimize silica-based column degradation (see Sections 


5.4:3.6,7:2.2.4, and-11.2,3). 


APPENDIX V 


CHARACTERIZING THE 
DIFFERENCES AMONG C; OR Cig 


REVERSED-PHASE COLUMNS 
FROM DIFFERENT SUPPLIERS 


Columns of the same nominal type (e.g., Cg or Cig) from different companies 
will often exhibit important differences in retention. These differences can 


arise from the following column packing characteristics (Section 5.2.4): 


. . “pe : 23: 
. 


- Choice of silane and bonding process (e.g., monomeric vs. polymeric 
phases) (Section 5.2.3.1) 


- Concentration of bonded phase (umol/m’, Section 5.2.3.1) 
< Presence or absence of endcapping 
+ Particle surface_area 


As a result, a column from one supplier that is nominally equivalent to a 


column-from-a_different-source-(e-g., Cr columns-in-both-cases)-may-not-be 
a suitable replacement in an HPLC assay. It is useful to be able to compare 
different Cg or Cig columns in terms of sample retention. This allows columns 


o be identified that can 
in a given assay. Similar columns may be interchangeable for a given assay, 
which gives the chromatographer a choice of usable columns. Quite different 


columns can be used to test the sensitivity of an assay to the column; if the 
assay “works” for two such columns, it is likely that a number of other columns 
will also be usable. 


Figure 5.9 provides useful retention data for a large number of commercial 
columns. Relative retention data are provided for acid, base, and neutral 
sample compounds. If two columns show similar retention for each compound 
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in this test mixture, it is more likely that these same two columns will be 
interchangeable for some HPLC assay. If relative and absolute retention of 


thetestmixture—is_quite_different for_two-columns,_these_twe-columns-—can 
serve as a test of the sensitivity of the assay procedure to differences in 
the column. 


There are two additional ways of comparing Cg and/or Cjg cotumms. Cotumn 


acidity has been noted as an important column characteristic, and several 
relatively non-acidic columns were listed in Table 5.4. A ranking of some 


other columns according to their relative acidity is given in Table V.I. Columns 
that are close together in this table can be expected to be similar in terms of 
acidity, and such columns should perform similarly for the separation of basic 


compounds. The data in support of Table V.1 were collected between 1983 and 
1987, which raises the question of whether these data are still representative 
of columns produced today. Since manufacturers try to maintain the same 


separation characteristics for their columns over time, it seems likely that the 
ranking of Table V.1 is still useful. Several silicas claimed to be less acidic 


(see Table 5.4). However, insufficient data are available to place these silicas 
in the ranking of Table V.1. 


TABLE V.1 Ranking of Cs or Cı Columns 
According to Relative Acidity 


Column 


(less acidic) Zorbax RX 
Vydac 


Nucleosil 
Supelcosil DB 
uBondapak 


Partisil 
RSil 


Spherisorb 
Lichrosorb 


Chrompack 
Rainin 
IBM 


Perkin-Elmer 
Supelcosil 
Zorbax 


(more acidic) Micropak 


Source: Ref. 1. 


TABLE V.2 Ranking of Cı Columns According to Shape Selectivity’ 


1.0 < QTBN BaP < 1.7 


0.5 < aren Bap = 0.9 


1.7 s QTBN BaP = 2.2 


Column Manufacturer Columa Manufacturer — — Column Manufacturer 
Bakerbond C18 J. T. Baker ES Industries BF-C18 ES Industries Erbasil C18 L Carlo Erba 
Wide-Pore LiChrospher 100 RP-18 E. Merck Pecospher 5 Cr C18 Perkin-Elmer 
Chromspher Chrompack Bakerbond C18 J. T. Baker Partisphere C18 Whatman 
PAH Erbasil-C18 M Zorbax-ODS Mac-Mod (distributor)—___ 
Bio-Rad RP 318 Bio-Rad LiChrospher 60 RP- E. Merck Serva C18 Serva 
il LC- Supelco select B Partisil 5 ODS-3 Whatman 
PAH Partisil 5 ODS-2 Whatman Hypersil ODS (HP) Shandon 
Vydac 201TP Separations Group Partisil 5 ODS Whatman Microsorb C18 Rainin 
Spherisorb PAH Phase Separations = Spherisorb ODS-1 Phase Separations J&W Accuphase ODS 2 J&W Scientific 
Erbasil C18 H Carlo Erba Brownlee ODS 5A ABI Novapak C18 Waters 
C18 
Spherisorb ODS-2 Phase Separations Capcell C18 $G120A Shiseido 
IBM ODS IBM 
Brownlee Spheri 5 ABI 
RP-18 
ODS Hypersil Shandon 
Cosmosil C18-P Nacalai Tesque 
J&W Accuphase ODS J&W Scientific 
Y¥ME1420A“A” YMC 
Adsorbosphere C18 HS Alltech 
Supelcosil LC-18-DB Supelco 
Source: Ref. 2. 
* Selectivity coefficients were determined using 85% acetonitrile/water mobile phase at 2 mL/min at ambient temperature (25 + 2°C). Within each category, 


columns are listed (from top to bottom) in order of increasing æren pap Values; however, because these values may vary with different column lots, individual 


-FBN-BaP 


be construed to reflect lot-to-lot variability. 
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A second way of characterizing the column is in terms of shape selectivity 
[2]. It has been shown that the separation of certain polyaromatic hydrocarbons 


(P-AHs)-is-quite-sensitive-to-column-source,and_it-has-_been-suggested_that 
this is caused by “‘slots” in the stationary phase that are sensitive to the shape 
of sample molecules. It is therefore reasonable that this column characteristic 


will affect the retention of other samples as well. Table V.2 summarizes the 
results from a large number of commercial columns. Three different groups 
are defined according to the value of a for a particular pair of PAHs. Columns 


in the same group are more likely to give similar results than columns in 
different groups. Polyfunctional-silane bonded phases (e.g., Vydac 201TP) 
have low values of the selectivity factor atygap, While monofunctional-silane 


bonded phases (e.g., Zorbax ODS) have high values. The classification of 
Table V.2 thus distinguishes these two types of packing. 
The concentration of the bonded phase (umol/m?) can affect both absolute 


retention and selectivity. A higher concentration of a particular ligand (e.g., 
Cig) generally gives greater retention, other factors being equal. A higher 
bonded-pl : ES : 


mainly affects the retention of basic compounds, which are retained more 
strongly for. non- A TE paa VANES of ls for all Compounds | increase 


differences in surface area. 
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APPENDIX VI 


ADJUSTING MOBILE-PHASE 
WATER CONTENT FOR 


NORMAL-PHASE HPLC 


As discussed in Section 6.7.4.2, columns packed with silica or other polar 
inorganic solids (e.g., alumina) are affected by water. If the mobile phase 
contains water, the column packing will tend to extract some of this water 


from the mobile phase and become less retentive. In the case of less-polar 
mobile phases for NPC (e.g., methylene chloride/hexane), the solubility of 
water in the mobile- phase-is-often quite low_(e.g.,<-0.01%).The column, on 


the other hand, can adsorb a considerable quantity of water (several percent 
w/w). As a result, any change in mobile-phase water content will require a 


large volume -of the-new-mobile-phase-(as-‘much-as several hundred-column 
volumes) to achieve column equilibration and constant retention times. When 
carrying out NPC separations, changes in mobile-phase water content are 


~~~ common, because room humidity can vary and water can be adsorbed onto 
the inside of glass containers used to hold the mobile phase. As a result, it is 
common to see changes in retention from run to run in NPC. 


In some cases, the effect of varying mobile-phase water concentrations on 
sample retention can be minimized by adding 0.1 to 0.5% of methanol or 
propanol to the mobile phase. However, this can sometimes result in peak 


distortion and a drastic loss in column efficiency. A more reliable procedure 
for eliminating the effect of water on NPC separations is to add a certain 
quantity of water to the mobile phase, so that further (accidental) changes in 


water content are relatively minor. This can be regarded as similar to the 
action of a buffer in maintaining constant pH. The problem of varying water 
is most severe for water-immiscible mobile phases which can dissolve no more 


than 0.1% water. In these cases, the addition of half as much water to the 
mobile phase as can be dissolved at saturation (“50% water saturation”) has 
been found to be effective. 
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Since the solubility of water in typical binary-solvent NPC mobile phases 
will usually not be known and is not easily measured, it is not feasible simply 


to-add-a-_certain-quantity—of -water-to_the-mobile_phase._Furthermore,_the 
dissolution of liquid water by adding and shaking can be quite slow and 
impractical. An alternative procedure is therefore required. One approach is 


o saturate a portion i z with 


an equal volume of (“dry”) mobile phase that has not been treated with water. 
In some cases the mobile phase can be saturated with water by adding excess 


water and shaking for an extended period. However, this is less effective for 
less-polar mobile phases that contain solvents such as hexane and methylene 
chloride. Similarly, if the mobile phase contains water-miscible solvents (meth- 


anol, THF, etc.), some of the latter solvent may be extracted into the excess 
water used to saturate the mobile phase. 
A more convenient and reliable means for saturating the mobile phase 


with water is as follows. To 25 g of 100- to 200-mesh laboratory silica, add 
5-mL portions of water, followed by shaking in a closed container after each 


flowing (lumps are formed that do not break up with continued shaking). At 
this point, add back 5 g of silica, and shake until free flowing. The resulting 


To 100 mL of mobile phase, add 2 g of water-saturated silica and stir vigorously 
for 30 min. Allow the silica to settle, and decant the mobile phase into a 


storage container. Add an equal volume of mobile phase that has not been 
water saturated, mix, and use. 
The procedure above assumes that the starting mobile phase is free of 


water, which will be close enough to the actual situation when solvents from 
the bottle are mixed and stored in closed containers. The nominally water- 
free mobile phase can be further dried by the addition of activated silica, 


stirring, and decanting (similar to the procedure for saturating mobile phase 
with water). Activated silica can be prepared from silica by heating in air at 
150°C for 4 h, followed by cooling in a closed container. For further details 


concerning the preparation of 50% water-saturated NPC mobile phases, see 
Ref. 1. 
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